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PREFACE. 


Ths  Strength  of  Materials  is  a  subject  of  the  very  first  im- 
portance to  Engineers  and  others  engaged  in  the  Industrial 
Arts,  forming  as  it  does  the  basis  of  all  oonstractive  calculation. 
The  absence  of  reliable  Bules,  or  the  misapplication  of  even 
correct  ones,  imperfectly  understood,  may  l^kd  to  serious  con- 
sequences ;— on  the  one  hand  to  a  useless  excess  of  strength 
involving  heavy  pecuniary  loss:  or  on  the  other  hand  to 
inadequate  strengtii,  which  may  issue  in  disastrous  failure. 

Two  special  objects  have  been  kept  in  view  throughout  this 
work:  1st,  that  the  Bules  and  Data  shall  be  correct,  and 
therefore  trustworthy,  and  2nd,  that  their  application  to  practice 
shall  be  clearly  understood ;  for  which  purpose,  every  Bule  has 
been  illustrated  by  examples  worked  out  in  detail. 

To  effect  the  first  object,  every  Bule  has  been  subjected  to  the 
test  of  experience ;  almost  every  available  experiment  having 
been  examined  and  compared  therewith,  the  error,  or  rather 
the  difference  per  cent  between  the  Bule  and  Experiment 
being  given  in  each  case.  When  the  theoretical  laws  did  not . 
bear  ^t  test,  they  were  relentlessly  modified,  or  abandoned 
altogether  in  favour  of  Empirical  Kules  whose  accuracy  was 
proved  by  experiment,  although  they  did  not  admit  of  a  theo- 
retical demonstration.  In  that  case  the  great  object  has  been 
so  to  modify  the  Bules  that  the  mean  results  of  calculation 
should  practically  agree  with  the  mean  results  of  experiment ; 
and  this  is  all  that  can  be  done,  for  the  natural  variableness  in 
Materials,  will  always  preclude  perfect  and  uniform  coincidence. 

The  authorities  for  the  experimental  Data,  &c.,  are  given  as 
ibey  occur,  but  the  wonderfully  refined  and  exhaustive  labours 
of  Mr.  Hodgkinson  should  be  more  particularly  mentioned.  It 
is  matter  for  regret  that  he  did  not  fully  analyse  his  own 
experiments,  nor  deduce  from  them  all  they  were  capable  of 
teaching,  as  for  example  those  on  the  important  subject  of  the 
Wrinkling  Strain  in  Plate-iron  Beams  and  Pillars.  This 
omission  is  supplied  to  some  extent, — ^however  imperfectly,  in 
the  present  work. 

Nkwtov- Abbot,  Devonshibe, 
March,  1883. 
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STRENGTH  OF  MATERIALS. 


CHAPTEE  I. 

ON   THE  TENSILE   BTBAtN. 


There  are  five  principal  strains  to  which  materials  may  be 
subjected,  namely,  the  Tensile,  Shearing,  Crushing,  Transverse, 
and  Torsional  strains :  essentially  all  strains  are  modifications 
or  combinations  of  the  Tensile  and  Gmshing  ones,  but  it  will 
be  convenient  in  practice  to  consider  each  of  them  as  distinct 
and  specific. 

(1.)  "  Central  Strain.** — When  the  cross-section  of  a  body  is 
of  a  regular  figure,  and  the  tensile  strain  is  in  the  centre,  it  is 
commonly  admitted  that  the  resistance  is  simply  proportional 
to  the  area,  and  that  every  part  of  the  section  is  equally  strained. 
This  may  be  practically  true  in  many  cases,  but  where  the  body 
is  wide  or  large,  the  central  part  is  more  stretched  than  the 
edges,  and  the  strain  becomes  very  unequal.  For  example, 
Fig.  1  is  a  plate  of  very  elastic  material  whose  normal  foim 
unloaded  is  a,  &,  c,  d^  and  when  strained  by  the  central  load  W 
it  becomes  e,f,  g,  h.  Obviously  the  central  part  is  more  stretched 
and  therefore  more  strained  than  the  edges,  and  if  the  load  be 
increased  up  to  the  point  of  rupture,  the  plate  will  break  first  at 
the  centre. 

(2.)  "  Strain  out  of  Centre,'* — When  the  strain  coincides  with 
one  edge  of  a  plate  as  in  Fig.  2,  the  primitive  form  t.  A;,  I,  m, 
tends  to  take  the  form  n,  o,  p^  r,  and  we  have  this  remarkable 
result,  that  the  maximum  extension  and  corresponding  strain 
at  II,  o,  is  progressively  reduced  towards  8,  /,  where  it  becomes 
nUy  and  between  a,  p,  and  /,  r,  the  plate  is  compresaed,  not 
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stretched,  and  thus  a  crushing  strain  is  created  by  a  nominally 
tensile  one. 

Say,  that  we  take  a  spiral  spring  whose  normal  length 
unloaded  =  10  inches,  and  its  elasticity  such  that  it  extends 
1  inch  per  lb. ;  also  let  4  lbs.  be  the  breaking  weight,  the  maxi- 
mum length  being  then  14  inches.  Let  B,  G,  D,  E  in  Fig.  3  be 
four  such  springs  attached  at  equal  distances  to  two  rigid  cross- 
bars F,  G :  if  now  a  tensile  strain  of  16  lbs.  be  applied  at  the 
centre-line  H,  J,  obviously  the  whole  of  the  springs  will  be 
extended  to  14  inches,  each  yielding  the  4  lbs.  due  to  it 

In  Fig.  4,  K,  L,  M,  N,  are  the  centre  lines  of  four  springs 
similar  to  those  in  Fig.  8,  but  here  the  centre  line  of  the  strain 
coincides  with  L,  Q,  or  the  centre  of  the  spring  L.  Now,  it  is 
essential  that  the  forces  on  the  two  sides  of  the  centre  line 
should  balance  one  another :  they  will  arrange  themselves  as  in 
the  figure ;  thus  the  strain  on  E  being  4,  and  its  distance  from 
the  centre  =  1*0,  we  have  4  x  1  =  4,  as  the  effect  of  the 
spring  E.  Then,  on  the  other  side,  M  =  2xl  =  2*0,  and 
N=lx2=2*0  also :  the  sum  of  the  two  being  4,  or  the 
same  as  E.  Then  the  weight  at  W,  with  which  the  spring  E 
will  break,  becomes  as  in  the  figure,  4+3  +  24-1  =  10  lbs., 
whereas  with  a  central  strain  as  in  Fig.  3  we  obtained  16  lbs., 
or  60  per  cent,  more  than  in  Fig.  4. 

(3.)  To  show  how  a  compressive  strain  may  be  generated  by 
a  nominally  tensile  load,  let  Fig.  5  be  an  arrangement  similar 
to  the  preceding,  but  one  where  the  tensile  strain  coincides 
with  the  centre  line  of  the  spring  R,  or  the  extreme  edge  of 
the  combination.  In  this  case  the  spring  B  bears  the  maximum 
load  of  4  lbs.,  but  8=2  lbs.  only :  the  spring  T  is  neither 
extended  nor  compressed^  but  retains  its  normal  length  of 
10  inches ;  it  is  therefore  useless.  The  spring  U  is  compressed 
to  the  length  of  8  inches,  and  bears  a  crushing  strain  of  2  lbs. 

The  tensile  load  at  X  from  R  =  4  lbs.,  from  8  =  2x1^2 
=  1-0;  from  T  =  0,  and  from  U  =  2  X  1 -^2  =  1-0 ;  the 
total  being  4  +  1+0  +  1  =  6  lbs.,  whereas  with  a  central  load 
as  in  Fig.  3  we  had  16  lbs. ;  hence  the  ratio  =  6  -=-  16  =  '375 
to  1*0.  Mr.  Hodgkinson  found  by  experiment  that  a  cast-iron 
bar  which  broke  with  a  central  IcmkL  of  7  *  65  tons,  failed  with 
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2*62  tons  only  when  the  force  coincided  with  one  side  of  the 
bar,  the  ratio  being  2*62  -^  7*65  =  '342  to  1-0,  or  nearly  as 
we  found  it  by  calculation. 

These  illustrations  will  serre  to  show  the  importance  of 
arranging  for  the  tensile  strain  to  coincide  with  the  axis  of  the 
body,  or  the  centre  line  of  the  section,  and  that  where  this  is 
impracticable,  due  allowance  should  be  made  for  the  fisict. 

(4.)  "  Es^perimenUd  BewUa" — Table  1  gives  a  general  sum- 
mary of  the  most  important  experiments  on  the  tensile  strength 
of  materials,  from  which  it  appears  than  the  mean  breaking 
weight  of: — 

Cast  Iron  '        Wrought  Iron  Steel  Bar  Copper  Bolts 

may  be  taken  at : — 

7-142  25-7  47-84  •      16-0 

tons  per  square  inch,  which  is  equiyalent  to : — 

16,000  57,500  107,160  35,840  lbs. 

Table  2  gives  the  breaking  weight  of  round  bars  from  ^  inch 
to  3  inches  diameter,  calculated  from  these  data. 

(6.)  ^* Effect  of  Be-melting  Cast  Iron" — Ordinary  cast  iron  is 
usually  from  the  2nd  fusion,  pig  iron  being  the  Ist:  it  has 
been  found  that  with  some  kinds  of  iron  at  least,  the  tensile 
strength  is  very  much  increased  by  repeated  re-melting ;  thus 
one  set  of  experiments  gave  for  iron  of  the 

12  3  4tb 

melting,  the  tensile  strength  per  square  inch  = 

14,000  20,900  30.300  35,785 

lbs.     Another  series  gave 

11,020  15,942  35,846  45,970 

lbs.     The  mean  of  the  two  series  in  tons  per  square  inch  = 

5-6  8-2  .14-65  1826 

(6.)  But  Mr.  Fairbaim  obtained  very  different  results,  as 
given  by  Table  3,  which  shows  that  the  transverse  and  tensile 
strengths  were  reduced  by  re-melting  so  far  as  the  Srd,  then 

B  2 
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Table  2.— Of  the  Ultimatb  Tenbilb  StbioiIi^ 

Dl»* 

WroughtriroD 

Rolled  Bur. 

?-■'. 

T 

meter. 

PlAinBtf. 

Welded  Bar. 

Screwed^Bar. 

'"'     Inches. 

Lbs. 

Tona. 

LbB.     ' 

Tonfl. 

Lbs. 

Tons. 

i 

2,g25 

1 

26 

2,320 

1 

03 

2.049 

0' 

91 

i 

6,357 

2 

84 

5,220 

2 

33 

4,610 

2 

15 

i 

11,800 

5' 

04 

9,280 

4- 

14 

8.195 

3- 

66 

i 

17,660 

7' 

-88 

14,500 

6 

•47 

12,800 

5 

71 

I 

25,430 

11 

35 

20,880 

9 

32 

18,440 

8 

23 

i 

34,810 

15 

•45 

28,420 

12 

•68 

25,090 

11 

20 

1 

45,200 

20 

18 

37,120 

16 

57 

32,780 

14 

63 

H 

57,210 

25 

•54 

46,980 

20 

•97 

41,490 

18- 

52 

U 

70,630 

31' 

•53 

58,000 

25 

•89 

51,220 

22 

86 

^ 

85,460 

38 

■15 

70, 180 

31 

•33 

61,970 

27 

66 

n 

101,710 

45 

'40 

83,520 

37 

•28 

73,760 

32 

■93 

^ 

119,360 

53 

•28 

98,020 

43 

•76 

86,560 

38 

64 

n 

138,440 

61 

•80 

113,680 

50 

75 

100,390 

44 

■82 

1* 

158,920 

70 

94 

130,500 

58 

•26 

115,240 

51 

■54 

2 

180,820 

80' 

•72 

148,480 

66 

•28 

131,120 

58 

53 

2+ 

204,120 

91- 

12 

167,620 

74 

•83 

148,030 

66 

•08 

2i 

228,840 

102 

•1 

187,920 

83 

•89 

165,950 

74 

•08 

n 

254,980 

113- 

8 

209,380 

93 

■47 

184,900 

82 

•54 

2i 

282,530 

126 

1 

232,000 

103 

•5 

204,880 

91 

•4G 

n 

311,480 

139 

0 

255,780 

114 

•2 

225,880 

100 

•8 

2J 

341,850 

152" 

6 

280,720 

125 

•3 

247,900 

110 

■7 

n 

373.630 

166- 

8 

306,820 

136 

■9 

270,950 

120 

•9 

3 

406,830 

181-6 

334,080 

149-6 

295,040 

131-7 

(1) 

(2) 

(3) 

W 

(5) 

(6) 

Note.— Tbe  diameters  of  the  screwed  bars 


»  Bass  of  Iboh,  Stbl,  and  Copfgb. 


^               TUWStodBu. 

Uullnin. 

Wrou«hi  Copper 

Dl». 

FUhi&r. 

Acldsd 

Bar. 

Urn. 

TOM. 

U». 

■^ 

LkB. 

t™.. 

Lt-. 

t™. 

b^ 

5,24fi 

2-34 

a.250 

1-00 

785 

0-35 

1,756 

0-7( 

I 

11,820 

5-28 

S.OGO 

2-25 

1,766 

0-79 

3,952 

1-76 

i 

21,020 

9-38 

8,990 

4-01 

3,140 

1-40 

7.024 

3-14 

i 

32.810 

14G6 

14.050 

6-27 

4,906 

2-19 

11,000 

4-91 

i 

*7,290 

21-11 

20.220 

9-00 

7,065 

3-16 

15,810 

7-06 

i 

61.380 

28-74 

27,530 

12-28 

9,616 

4-30 

21,550 

9-62 

i 

8t,0M 

37-54 

35,950 

16-05 

12,560 

5-Cl 

28,100 

12-55 

I 

106.440 

47-51 

45,500 

20-31 

15.900 

7-U 

35.630 

15-91 

H 

131.380 

58-65 

56,200 

25-08 

19,620 

8-77 

44,000 

19-64 

U 

158,970 

70-97 

68,000 

30-35 

23,750 

10-62 

53,220 

23-76 

H 

189,190 

84-46 

80,900 

36-10 

28,260 

12-64   63,230 

28-23 

H 

£23,050 

09-13 

94,970 

42-39 

33.180 

14- 8i;  74.350 

33-19 

i» 

257,600 

1150 

110,100 

49- 12 

38,460 

17-24|  86.180 

38-47 

i| 

295,680 

132- 0 

126,450 

56-55 

44,170 

19-72   98,980 

44-19 

n 

336,450 

150-2 

143,810 

64-20 

50.240 

22-46112,380 

50-17 

2 

379,680 

IG9-5 

163,000 

72-76 

56.740 

25-33,127,090 

56-74 

2! 

425.600 

190-0 

182,010 

81-24 

63,580 

28-43|142,520 

63-63 

n 

474.430 

2II-8 

202,770 

90-52 

70,880 

31- 64,158,820 

70-90 

2} 

525,500 

234-6 

224.780 

100-3 

78,540 

35-10176,000 

78-57 

2i 

379,490 

253-7 

247,730 

110-6 

86,590 

38-661193.970 

86-60 

2| 

635, MO 

283-9 

272,010 

121-4 

94,980 

42-47212,880 

95-01 

2i 

695.070 

310-3 

297,200 

[32-G 

103,870 

46-33'232,l60 

lUS-G 

2J 

767,120 

S38-0 

323,580 

li4-4 

113,040 

50-54!252,920 

112-9 

3 

CJ) 

(9) 

(9) 

(10) 

01) 

(12)        (13) 

(14) 

n  BtHond  M  (b*  (dp  o(  tlM  tbrud. 


10 


TENSILE   STRENGTH — OAST   IBON. 


gradually  rose  to  a  maKimom  with  the  12th,  beyond  which  to 
the  18th  they  were  progressively  reduced.  The  omshing 
strain  was  reduced  to  its  first  minimum  with  the  4th  melting, 
and  attained  its  maximum  with  the  14th.  Taking  the  iron  of 
the  Ist  melting  as  a  standard,  the  maximum  increase  in  strength 
due  to  re-melting  was  32  per  cent,  with  the  tensile  ;  41  per  cent, 
with  the  transverse,  and  135  per  cent,  with  the  crushing  strain. 
It  should  be  observed  that  Mr.  Fairbaim's  experiments  did 
not  include  the  tensile  strain:  coL  4  in  Table  3  has  been 
calculated  (499)  from  the  transverse  and  crushing  strains  in 
cols.  2  and  3 ;  the  results  in  col.  4  are  very  regular  among 
themselves,  despite  the  irregularities  in  col.  3. 


Table  3 — Of  the  Effect  of  Re-melting  on  the  Strength  of 

Cast  Iron. 

No.  of 

TransTerae 

Strength 

4i  Feet  Bare 

1  Inch  Square. 

Crashing 

Calcnlated 

Melting. 

Strength  per 

TenaUe  Strength 

Square  Inch. 

per  Square  Inch. 

tons. 

tons. 

tons. 

1 

, 

2187 

44-0 

9-502 

2 

1973 

43- G 

8-217 

3 

1793* 

411 

7-3.51* 

4 

1846 

40-7* 

7-697 

5 

1927 

41-1 

8-151 

6 

1959 

41  1 

8-349 

7 

2005 

40-9 

8-655 

8 

■2192 

411 

9-847 

9 

2440 

55- 1 

10-07 

10 

2531 

57-7 

10-40 

11 

'2910 

69-8 

11-71 

12 

•3090* 

73- 1 

12-51* 

13 

■2S34 

66-0 

11-54 

14 

'2700 

95- 9* 

9-154 

15 

•1657 

76-7 

5-366 

16 

•1568 

70-5 

5-116 

17 

•  • 

•  • 

•  • 

18 

•1396 

88-0 

4-196 

0) 

(2) 

(3) 

(4) 

Note. — ^Maximum  and  minimum  results  marked  *. 

(7.)  It  would  appear   from   all   this,  that  the  method  of 
obtaining  increased  strength  by  re-melting  cast  iron  is  very 
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UBoertain ;  it  will  also  be  very  expensiye  in  f ael,  labour,  and 
waste  of  metaL  With  iron  such  as  that  in  (5),  where  the  mean 
tensile  strength  was  inoreased  from  1  to  18*26-7-5*6  =  8*26 
at  the  4th  melting,  it  would  no  doubt  be  oommercially  advan- 
tageous: in  such  a  case  experiments  should  be  specially  made 
oo  the  iron  intended  to  be  used  (87). 

(8.)  By  maintaining  cast  iron  in  a  state  of  fusion  for  length- 
ened periods,  the  tensile  strength  is  greatly  increased:  thus 
with  iron  twice  lo-melted  and  kept  in  fusion  for 

0  12  Shoon 

the  tensile  strength  was  = 

15,861  20,420  24,383  25,738  Iba. 

per  square  inch.  In  another  set  of  experiments,  the  time 
being  = 

ill}  2  hours 

the  tensile  strength  = 

17,843  20,127  24.387  34,496  lbs. 

(9.)  Cold-blast  iron  is  considerably  stronger  than  hot-blast 
iron ;  taking  the  former  =  1*0,  that  of  the  latter  was  found  at 
Iiowmoor  =  *  881 ;  at  Dowlais,  *  835 :  at  Ystalyfera,  *  802. 
The  deterioration  in  strength  appears  by  the  American  experi- 
ments to  be  proportional  to  the  temperature  of  the  blast ;  thus 
the  strength  of  cold-blast  iron  being  1  *  0,  it  is  reduced  to  *  865 
with  the  blast  at  150^,  and  to  *  807  at  250^  &c. 

WBOUGHT  ntON  AND   STEEL. 

(10.)  The  strength  of  wrought  iron  increases,  as  might  be 
expected,  with  repeated  working  in  the  fire  and  under  the 
hammer.  Mr.  Olay  found  that  the  strength  of  a  puddled  bar 
being  1  *  0,  it  becomes  1  *  86  when  piled  three  or  four  times,  and 
1*41  when  piled  six  times;  beyond  that  point,  however,  its 
strength  declines,  and  is  reduced  to  that  of  a  puddled  bar  when 
piled  twelve  times. 

The  same  authority  has  shown  that  with  steel,  the  strength 
of  a  puddled  bar  being  1*0,  it  becomes  1*253  at  the  fourth 
pling,  after  which  it  declines  and  is  reduced  to  0*94  at  the 
ievenlli  piling. 


12  WELDED  J0IKT8 — 80BEWED  BOLTS. 

(11.)  "Welded  Joints:*— The  strength  of  wrought-iron  welded 
joints  appears  by  the  experiments  of  Eirkaldy  to  be  very  yari- 
able,  the  mean  from  eighteen  experiments  on  bars  from  1^  to 
f  inch  diameter  =  * 8066,  the  strength  of  a  solid  bar  being  1*0; 
in  extreme  cases  it  is  as  low  as  *  562,  or  little  more  than  half,  in 
others  as  high  as  *  974,  the  great  difference  being  due  no  doubt 
to  imperfect  workmanship. 

With  steel  the  loss  of  strength  by  welding  is  still  more  con- 
siderable ;  the  same  authority  shows  that  the  strength  of  welded 
steel  joints  varies  from  *  55  to  *  404  of  that  of  a  solid  bar.  The 
strength  of  steel  is  also  affected  considerably  by  hardening, 
tempering,  annealing,  &c.,  as  is  shown  by  Table  1 :  when  heated 
and  quenched  in  oil,  Mr.  Kirkaldy  obtained  the  extraordinary 
strength  of  96  *  1  tons  per  square  inch,  which  is  exceptional  and 
anomalous.  The  same  steel  made  as  hard  as  possible  by  being 
highly  heated  and  quenched  in  water,  gave  40*  2  tons  only :  the 
mean  for  ordinary  rolled  or  tilted  bars  being  47  *  84  tons  per 
square  inch :  see  cols.  3,  9  of  Table  2. 

(12.)  ^^ Screwed  Bolts" — There  are  two  ways  of  measuring 
screwed  bars,  namely  by  the  diameter  at  the  top  of  the  thread, 
or  that  of  the  plain  bar  before  screwing,  and  by  the  diameter  at 
the  bottom  of  the  thread :  the  former  is  the  most  convenient,  and 
will  be  followed  here.  Mr.  Kirkaldy  obtained  some  curious 
results  ;  he  found  that  when  the  thread  was  chased  in  the  lathe, 
or  cut  by  new  dies,  the  strength  was  nearly  proportioual  to  the 
diameter  at  the  bottom  of  the  thread  as  might  be  expected,  and 
varied  with  different  sizes,  between  67  and  82  per  cent,  of  that 
of  a  plain  bar,  the  mean  being  72  *  5  per  cent.  But  when  old 
dies  were  used,  the  metal  seemed  to  be  compressed  rather  than 
cut,  and  the  strength  was  much  greater  than  with  new  dies, 
varying  from  77  to  89  per  cent,  of  that  due  to  a  plain  bar,  the 
mean  being  about  85.  It  will  be  the  safest  course  to  reckon 
the  strength  as  due  to  new  dies,  or  72  *  5  per  cent,  of  plain  bar  ; 
see  cols.  5,  6  of  Table  2. 

(13.)  "  Plate-iron  and  Steel" — Boiled  plates  of  iron  and  steel 
are  rather  weaker  than  the  same  materials  in  the  form  of  bars, 
as  shown  by  Table  1 ;  the  ratio  happens  to  be  nearly  the  same 
for  both :  thus  taking  Eirkaldy's  results,  with  wrought  iron  we 
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have  21-6  -7-25*7  -  -84,  or  84  per  cent.,  and  with  steel         [ 
38-4-7-47-8  =  -80,  or  80  per  cent. 

"  Effect  of  the  Grain  *' — ^Experiments  have  shown  that  the 
tensile  strength  of  hoth  wrought  iron  and  steel,  lengthways  of  the 
grain,  is  greater  than  that  crossways,  as  shown  by  Table  1 :  thus 
with  wrought  iron  we  have  22*6  -r-  20*6  =  1*097,  or  9-7  per 
cent.;  and  with  steel  40*l-r36-6  =  1-096,  or  9*6  per  cent., 
being  practically  the  same  for  both. 

In  arranging  the  plates  for  girders,  &c.,  those'  subjected  to 
tension  should  be  cut  so  that  the  strain  is  in  the  direction  of  the 
grain,  and  in  boilers,  where  the  circumferential  strain  is  double 
the  longitudinal  (71),  the  direction  of  the  grain  should  be 
arranged  accordingly. 

(14.)  "  Effect  of  Annealing" — It  has  been  found  by  experiment 
that  the  effect  of  annealing  wrought  iron  in  the  bar,  plate,  and 
chain  form  is  to  reduce  the  tensile  strength :  this  is  the  more 
remarkable,  being  just  the  reverse  of  the  effect  on  steel  plate, 
which  is  to  increase  the  strength  as  much  as  55  per  cent.  (38).  , 
By  hammering  cold  the  strength  of  wrought  iron  is  much 
reduced,  but  by  annealing  it  is  partially  restored  :  experiments 
at  Woolwich  show  the  effect  of  both  processes  on  bars  of  different 
sizes :  thus  bars 

2  inches  1}  inch  .  1  inch 

diameter,  gave  after  being  cold-hammered 

17-5  16-4  22-3  tons 

per  square  inch.  The  mean  tensile  strength  of  ordinary  bar 
iron  is  25*  7  tons  per  square  inch  by  Table  1,  hence  the  loss  by 
cold-hammenng  is 

82  36  13 

per  cent. :  the  mean  being  27  per  cent*  After  annealing,  the 
strength  became 

22-1  24*6  23-5  tons. 

per  square  inch.  Hen<se  after  both  processes,  there  still  remains 
a  loss  of 

14  4  8*6  per  cent 
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The  tensile  strength  of  plate  iron  also  is  rednced  by  annealing 
as  shown  by  Mr.  Ebrkaldy's  experiments  on  six  kinds  of  York- 
shire iron  I-,  ^,  and  f  inch  thick,  which  gave  the  loss  =  5*6  per 
cent,  lengl^ways,  and  5  *  2  per  cent,  crossways  of  the  grain ; 
Lowmoor  giving  4'8  and  1*8 ;  Bowling,  8*0  and  9*1  per  cent, 
respectively. 

The  effect  of  annealing  chain  is  shown  by  Nos.  19,  20  in 
Table  21,  to  be  16*34  -4-  17-54  =  -93,  or  7  per  cent,  loss  of 
strength  (109). 


OHAPTEE  II. 

ON  BTVBTED  JOINTS. 


(15.)  Biveting  two  plates  of  metal  together  may  appear  to  be 
a  very  simple  matter,  bat  the  fact  is  that  there  is  more  philosophy 
involved  in  it  than  is  commonly  supposed.  The  extreme  im- 
portance of  riveted  joints,  not  only  as  applied  to  steam-boilers, 
but  also  to  girders,  railway  bridges,  and  other  stmctnrcs  will 
justify  the  most  careful  attention  to  the  principles  by  which  the 
strength  is  governed,  and  the  proper  proportions  are  fixed. 

The  strength  of  a  riveted  joint  is  dependent,  first,  on  the 
tensile  strength  of  the  plate,  measured  at  its  weakest  place, 
namely,  through  the  line  of  the  rivet  holes ;  second,  on  the 
shearing  strength  of  the  rivets ;  and  third,  on  the  friction  of  the 
plates  against  one  another  due  to  the  pressure  of  the  rivets. 

(16.)  "  Strength  of  Punched  Plates^ — It  has  been  found  by 
experiment  that  when  wrought-iron  plates  are  punched  cold  in 
the  usual  way,  the  strength  of  the  plate  is  reduced  not  only  by 
the  removal  of  the  metal  punched  out,  but  also  by  the  damaging 
of  the  fibres  of  the  metal  that  remains  between  the  rivet-holes. 
Direct  evidence  of  this  is  given  by  the  experiments  on  Yorkshire 
plates  by  Mr.  Eirkaldy  in  Table  4,  which  shows  that  the  mean 
loss  was  13  per  cent,  with  the  grain,  and  17  *  26  per  cent,  across  the 
grain,  this  being  the  result  of  eighteen  experiments  on  six  kinds 
of  iron  by  different  makers,  with  plates  f ,  ^,  and  f  inch  thick. 
The  plates  were  in  all  cases  8  inches  wide,  with  four  rivet-holes 
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Table  4. — Of  the  Lohs  of  Strength  by  Punching  Rivet-holes 

in  YoBKaHiBE  Boiler-plates. 


Kind. 


Lowmoor 

M 
»f 
»» 

Bowling 

»»  •  •      •  • 
Faniley 

»»  • •      •  • 

»»  •  •      •  • 

»»  •  •      •  • 

Ck>oper'8 

y»  ••     •• 

n  ••       •• 

»  .... 

Taylor's  ..     ., 

»♦  •  • 
Monkbridgti 

Moan 


Thickness. 


L06B  Per  Cent 


Lengthways. 


•38 
•63 
•37 
•68 

•54 
•53 
•40 
•63 
•41 
•63 

•39 
•63 
•39 
•6-2 

•52 
•53 
•51 
•50 

•  • 


17^7 
163 


855 

168 
165 


110 
144 


7^63 
6-7 
13-0 

(2) 


CraeswayR. 


21 
17 

13 


19 
19 


13 
18 

12 


2 

8 


16 
17 
(3) 


8 
1 


05 
9 

8 

7 
26 


in  ft  line,  *85  inch  diameter ;  hence  the  ratio  of  the  solid  part 
of  the  plate  to  the  metal  between  rivet-holes  was  <8  —  (*85x^[ 

-^  8  =  '675  to  1*0.  This  proportion  is  about  the  same  as  that 
adopted  in  ordinary  riveting,  a  floct  which  is  important,  for 
obviously,  the  damage  to  the  fibres  will  be  the  greatest  close  to 
the  rivet-holes,  and  will  diminish  with  the  distance :  now  when 
the  holes  are  pretty  close  together  as  in  ordinary  riveting,  we 
may  snppose  that  the  whole  of  the  metal  between  them  will  be 
afiected,  but  where  the  distance  is  very  great,  the  metal  at  mid- 
difltanoe  may  be  wholly  unaffected,  and  in  that  case  the  mean 
■toengih  would  be  much  greater  than  in  others  where  the  pitch 
of  the  rivets  is  small.  Mr.  Eirkaldy's  experiments  are  the  more 
ooDdnsive  because  the  strengths  of  the  punched  plates  were 
oampared  with  those  of  unpunched  ones  cut  out  of  the  same  plate. 
Moreover,  in  order  to  avoid  any  possible  loss  of  strength  by 


16  RIVETED  JOINTS — STRENGTH  OF   RIVETS. 

shearing,  which  would  probably  be  analogons  to  that  dne  to 
punching,  the  plates  were  all  cut  out  in  a  slotting  machine. 

(17.)  These  experiments  appear  to  be  reliable,  nevertheless 
there  are  some  remarkable  differences  between  them  and  the 
results  obtained  by  other  authorities.  For  example,  Mr.  Fair- 
baim*s  experiments  in  Table  1  give  for  Lowmoor  iron  24 '  56 
tons  per  square  inch  both  lengthways  and  crossways,  whereas 
Mr.  Kirkaldy  gives  for  plates  not  annealed  21  *  3  lengthways, 
and  20 '3  tons  crossways,  and  for  annealed  plates  20*1  and 
19*2  tons  respectively,  these  being  the  means  for  six  kinds  of 
Yorkshire  iron,  and  they  show  a  difference  of  15,  22,  20,  and 
28  per  cent,  as  compared  with  Fairbaim's  results.  Messrs. 
Napier  and  Son's  experiments  in  Table  1  give  24  *  1  tons  length- 
ways as  the  strength  of  Yorkshire  plate  iron ;  agreeing  with 
Mr.  Fairbaim.  Another  remarkable  difference  is  that  the  loss 
due  to  punching,  which  as  we  have  seen  (16)  was  13,  and  17*26 
per  cent,  by  Kirkaldy,  was  as  much  as  24  per  cent,  in  single 
riveted  joints  by  Mr.  Fairbaim,  as  shown  by  col.  4  of  Table  5. 
Probably  the  fact  that  the  strain  is  not  central  or  symmetrical, 
as  shown  by  the  broken  centre-line  in  A,  Fig.  6,  may  account 
for  the  difference. 

(18.)  "  Strength  of  Drilled  Plates:'— When  the  rivet-holes  are 
drilled,  the  loss  of  strength  in  the  metal  between  the  rivet-holes 
is  practically  nothing,  the  mean  result  of  eighteen  experiments 
on  six  kinds  of  Yorkshire  iron  (16)  was  1  •  13  per  cent,  length- 
ways, and  0  •  9  per  cent,  crossways.  Notwithstanding  the  advan- 
tage which  is  thus  shown  to  accrue  from  drilling  rivet-holes,  it 
is  hardly  likely  ever  to  be  adopted  extensively  in  practice  ;  the 
extra  cost  of  drilling  would  not  be  compensated  by  the  extra 
strength  obtained. 

(19.)  "  Shearing  Strength  of  Rivets:*— It  is  shown  in  (123)  that 
the  resistance  to  shearing  is  equal  to  the  tensile  strength  of  the 
iron,  and  Mr.  E.  Clark's  experiments  gave  22  *  1  tons  per  square 
inch,  Mr.  Fairbaim's  experiments  gave  22  *  04  tons  in  a  single- 
riveted  joint,  where  the  result  might  possibly  be  complicated  by 
friction  (20),  but  with  such  a  joint  friction  would  be  eliminated 
at  the  point  of  rupture,  the  surfaces  separating  by  the  unsym- 
metrical  strain  (17).     We  may  therefore  take   22   tons,   or 
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49,280  lbs.  per  square  inch  as  the  mean  shearing  strength  of 
wrooght-iron  rivets. 

(20.)  « FricHon  from  Grip  of  jBtVefe."— Mr.  H  Clark  made 
some  experiments  on  the  friction  in  riveted  joints,  and  obtained 
some  remarkable  results,  for  he  found  that  the  friction  increased 
considerably  with  the  length  of  the  rivet.  With  rivets  |  inch 
diameter,  riveted  hot  in  the  usual  manner,  and  1^,  1|,  and  2| 
inches  long,  the  friction  was  4f ,  5^,  and  8  tons  respectively. 
The  experiments  were  made  in  the  following  manner:  three 
f  plates  were  riveted  together  with  one  ^  rivet;  the  central 
plate,  having  an  oblong  hole,  was  then  drawn  between  the  other 
two^  the  fractional  resistance  to  which  was  b^  tons.  Two  ^inch 
washers  were  then  added,  making  the  length  2|,  when  the  strain 
due  to  friction  became  8  tons.  Two  -^  plates  and  two  ^  washers 
gave  a  length  of  1^  inch,  when  friction  became  4|  tons.  This 
last  experiment  approximates  nearly  to  the  conditions  of  ordinary 
riveted  joints. 

(21.)  "  Principles  of  Biveting" — ^We  may  now  investigate  the 
phenomena  which  occur  with  riveted  joints,  and  to  do  that 
satisfiEUstorily  it  will  be  well  to  take  an  experimental  case,  the 
reasoning  can  then  be  checked  by  practice.  Fig.  7  is  a  joint  of 
best  Staffordshire  plate,  experimented  upon  by  Mr.  Brunei :  the 
main  plates  were  ^  inch  thick,  and  the  joint  was  formed  with  a 
front  and  back  plate  each  f  inch  thick,  and  twenty  rivets  |^  inch 
diameter.  This  joint  failed  with  164  tons,  by  the  ^inch  plate 
tearing  tiirough  the  outer  line  of  rivet-holes  B,  B :  the  rivets 
were  not  broken  in  this  case,  but  evidently  they  must  have  been 
on  the  point  of  rupture,  for  in  another  and  similar  experiment 
the  whole  of  the  ten  rivets  in  one  half  of  the  joint  were  sheared 
with  a  lower  strain,  namely  153  tons.  We  may  therefore  assume 
that  164  tons  would  or  should  rupture  the  plate  and  shear  the 
rivets  simultaneously.  It  was  also  found  that  a  solid  or  un- 
punched  plate  of  the  same  iron  broke  with  a  mean  strain  of  20  *  6 
tons  per  square  inch. 

We  have  no  experimental  evidence  of  the  damaging  effect  of 
punching  on  Staffordshire  plates  (16),  but  with  Lowmoor  iron, 
Table  4  shows  a  mean  loss  of  19 '  5  per  cent  when  strained  cross- 
ways  of  the  grain,  and  17  per  cent  lengthways;  taking  18  per 
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cent,  as  a  mean  for  Staffordshire  plates,  the  metal  left  between 
rivet-holes  will  be  reduced  to  100  —  18  =  82  per  cent,  of  the 
strength  of  a  solid  plate ;  hence  in  our  case,  we  have  20*6  X  *82 
=  16*9  tons  per  square  inch.     The  area  through  the  line  B,  B 

is  |20  -  (1^  X  6  |x  i'=  8 -28  square  inches, hence  8 -28x16 -9 

=  140  tons,  the  breaking  weight  of  the  plate. 

To  this  has  to  be  added  the  friction  due  to  the  grip  of  the  five 
rivets  in  that  row;  by  Mr.  E.  Clark's  experiments  (20)  this 
may  be  taken  at  4f  tons  per  rivet,  or  in  our  case  4|  x  5  =  24 
tons,  making  with  that  due  to  the  plate  140  +  24  =  164  tons, 
which  happens  to  be  precisely  as  per  experiment. 

(22.)  "  Becd  and  Apparent  Strength.** — The  difference  between 
real  and  apparent  strength  will  now  be  manifest ;  the  apparent 
strength  or  that  of  the  whole  combination  is  164  tons,  borne  by 
8  *  28  square  inches,  or  164  -f-  8  *  28  =19*8  tons  per  square  inch, 
but  the  real  strain  on  the  metal  between  rivet-holes  as  we  have 
seen  (21)  is  16*  9  tons ;  the  strain  on  the  solid  part  of  the  plate 
at  C,  C  is  only  164  -r- 10  =  16  •  4  tons,  whereas  the  breaking 
weight  =  20*6  tons  per  square  inch. 

Thus  the  normal  strength  of  the  solid  plato,  or  20*  6  tons,  is 
reduced  by  punching  to  16*9  tons  per  square  inch,  which  again 
is  increased  by  friction  to  19*8  tons,  being  restored  within 
20*6  -  19*8  =  0*8  ton  of  the  normal  strength. 

"  Biveta.*' — The  ten  rivets  were  each  ^-inch  diameter 
=  '3712  square  inch  area,  and  being  subjected  to  a  double  shear 
give  *8712  x  10  x  2  =  7*424  square  inches  shearing  area; 
then,  their  apparent  strength  is  164  4-  7 '424  =  22 '09  tons  per 
square  inch,  which  is  almost  exactly  the  resistance  given  for 
double  shear  by  Mr.  E.  Clark's  experiments  (123). 

With  certain  proportions  of  double-riveted  joints  the  appa- 
rent strength  of  the  metal  between  rivet-holes  per  square 
inch  may  exceed  that  of  the  solid  plate,  a  result  that  seems 
anomalous,  but  may  be  easily  explained.  Thus,  let  Fig.  8  be  a 
joint  with  seven  |-inch  rivets  in  the  outer  row  B,  B ;  then  the 

area  of  the  central  plate  on  that  line  will  be<20  —  (|^X  7>  X  | 

=  6*94  square  inches,  giving   16*9  X  6*94  =  117*28  tons. 
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Then,  each  rivet  giving  4j  tons  of  friction,  we  have  4 '76  x  7 

=  33*25  tons,  and  the  total  breaking  weight  of  the  joint 

=  117-28  +  83-25  =  150-53  tons,  or  160-53  -^  6-94  =  21-69 

tons  per  square  inch  of  metal  between  rivet-holes.     Bat  the 

solid  plate  yields  20  *  6  tons  only,  hence  we  have  21  *  69  -f-  20  *  6 

=  1*053,  or  5-8  per  cent,  in  excess  of  the  solid  plate,  agreeing 

with  Mr.  Fairbaim's  result  in  coL  4  of  Table  5,  which  gives 

1*0526,  or  5-26  per  cent,  excess.    Here  the  actual  strengtii  of 

metal  between  rivet-holes  is  18  per  cent,  less  than  the  normal 

strength  or  that  of  the  solid  plate,  but  the  apparent  strength  is 

5  -  8  per  cent,  in  excess,  the  difference  being  due  to  friction. 

(28.)  These  calculations  are  not  given  as  absolutely  correct, 
but  as  serving  to  illustrate  the  principles  on  which  the  strength 
of  riveted  joints  depends,  and  to  explain  the  differences  in  the 
apparent  strength  of  various  kinds  of  joints  in  Table  5.  For 
instance,  by  col.  6  the  mean  strength  of  a  solid  plate  of  average 
British  plate-iron  =  48,454  lbs.  per  square  inch ;  by  punching, 
ihe  loss  is  18  per  cent,  as  in  (21),  and  the  strength  of  the  metal 
left  between  rivet-holes  is  reduced  to  48454  x  *  82  =  39728  lbs., 
and  will  be  the  same  with  all  the  different  joints  in  that  colunm. 
The  chlique  action  of  the  strain  in  an  ordinary  single-riveted 
joint,  as  shown  by  the  broken  centre  line  o,  p  at  A,  in  Fig.  6, 
reduces  the  apparent  strength  to  36,898  lbs.,  and  with  one  back 
plate  as  at  B,  to  89,248  lbs.  per  square  inch,  both  being  less 
than  that  of  a  punched  but  unriveted  plate  with  a  fair  central 
Btrain,  which,  as  we  have  seen,  is  39,723  lbs.  But  with  a  front 
and  back  plate,  friction  becomes  more  influential  and  increases 
the  apparent  strength  to  46,070  lbs. 

(24.)  "  Kinds  of  Biveted  Joints/^ — There  are  six  principal 
kinds  of  riveted  joint,  which  are  shown  by  A,  B,  0,  D,  E,  F 
in  Fig.  6,  and  are  described  or  specified  in  Table  5,  which  also 
gives  the  apparent  strength  of  the  metal  between  the  rivet- 
holes  in  each  kind  of  joint,  and  with  three  different  kinds  or 
qualities  of  plate  iron,  namely,  Yorkshire,  Staffordshire,  and  the 
general  average  of  British  iron.  Staffordshire  is  the  weakest  of 
the  three,  but  is  more  extensively  used  than  any  other,  and  may 
be  taken  as  a  basis  for  calculation  in  ordinary  cases.  Taking 
it  as  a  standard,  British  iron  gives  48464  -r  44800  =  1  *  082,  or 
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Table  5. — Of  the  Strength  of  Riveted  Joints  in  Wrought-iron 

Plates. 


Breaklng-efcnin  of  Metal  between  Rivet-holes,  in  Lbs.  per 

Square  Inch. 

Kind  of  Joint. 

Yorkshire  Plates. 

Mean  of 

Staffonl- 

1 

Max. 

Min. 

Mean. 

Ratios. 

No.  of 
Experi- 
ments. 

British 
Plates. 

■hire 
PlAtes. 

Solid  plate,  not  punched 
Single-riveted,  simple  lap,^ 

Fig.  6  A       J 

Single-riveted,  with  baok-\ 

plate,  Fig.  6  B    ..      ../ 
Single-riveted,  with  back  I 

and  front  plate,  Fig.  0 
Double-riveted,8imple  lap,\ 

Fig.D / 

Double-riveted,  with  back-\ 

plate.  Fig.  E        ..      ../ 
Double-riveted,  with  baok^ 

and  front  plate.  Fig.  F  / 

61,588 
49,325 

53,880 

58,461 

58,286 

54,643 

62.279 
(1) 

49,852 
36,588 

37,262 

48,534 

45,590 

53,116 

56,175 

(2) 

56,264 

42,847 

45,570 
63,497 
52,503 
53,879 
59.225 

(3) 

1-0000 
•7615 

•8100 

•9508 

•9330 

•9570 

1-0526 
(0 

8 
10 

2 

2 

6 

2 

3 

(6) 

48,454 
36,898 

39,248 

46,070 

45,208 

46,520 

51,000 

(6) 

44,800 
34,110 

36,290 

42,600 

41,800 

42.870 

47,160 

8  •  2  per  cent.,  and  Yorkshire  56264  -r-  44800  =  1  •  256,  or  25  •  6 
per  cent,  greater  tensile  strength. 

(25.)  "Proportions  of  Biveted  Joints" — In  fixing  the  pro- 
portions of  riveted  joints,  it  is  necessary  to  consider  the 
subject  under  two  different  heads  ;  1st  for  girder-work,  where 
we  have  simply  to  secure  equality  between  the  shearing 
strength  of  the  rivets  and  the  tensile  strength  of  the  plate 
between  rivet-holes,  so  that  both  may  fail  simultaneously ;  and 
2nd,  for  steam-boiler  work,  where  we  have  not  only  to  consider 
the  question  of  strength,  but  also  the  maximum  pitch  of  rivets 
consistent  with  tightness  of  the  steam-joints.  This  will  vary 
with  the  pressure  of  the  steam  and  the  thickness  of  the  plate  ; 
if  with  a  given  thickness  and  pressure  the  distance  between 
rivet-holes  exceeds  a  certain  amount,  it  will  be  dif&cult,  or 
perhaps  impossible,  to  make  the  joint  permanently  steam- 
tight  (45).  On  the  other  hand,  if  the  pitch  is  unduly  reduced, 
the  proportions  of  the  metal  left   between   the  holes  to  the 
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solid  part  of  the  plate  are  reduced  also,  and  a  loss  of  strength 
will  ensue. 

With  girder-work  we  have  the  choice  of  any  of  the  six  kinds 
of  joint  in  Table  5,  bat  for  boilers  we  are  practically  confined 
to  two,  namely,  single  and  doable  riveted ;  these  alone  being 
easily  made  steam-tight  by  caalking. 

(26.)  ** Diameter  of  BiveU*' — The  proper  size  of  rivets  in 
proportion  to  the  thickness  of  plate  is  to  some  extent  arbitrary, 
and  within  certain  limits  may  be  varied  considerably,  so  long  as 
the  great  principle  is  observed,  namely,  so  to  adjast  the  pitch 
and  thickness  as  to  secare  eqaality  between  the  tensile  strength 
of  the  plate  and  the  shearing  str^igth  of  the  rivets. 

Neverthelees,  practice  has  dictated  as  expedient,  certain  pro- 
portions between  the  diameter  of  rivet  and  thickness  of  plate 
which  shonld  be  followed  in  ordinary  cases,  and  may  be 
expressed  by  the  role : — 

(27.)  d^(txl\)+^ 

OT  d  =  {tx  1-25)+  -1876. 

In  which  t  a  the  thickness  of  plate,  and  d  =  diameter  of  rivet- 
boles,  both  in  inches :  coL  2  of  Table  14  has  been  calcalated 
by  this  role.  It  shoald  be  observed  that  the  diameter  of  the 
kcie  shoald  be  taken  rather  than  that  of  the  cold  rivet :  the 
rivet  is  always  made  smaller  than  the  hole  for  facility  in 
inserting  it ;  bat  when  riveted  hot  in  the  asaal  way  it  fills  the 
bole  completely,  and  the  strength  is  therefore  governed  by  the 
size  of  the  hole  itself. 

(28.)  It  is  a  practical  dictam  that  the  diameter  of  the  rivets 
shall  be  proportional  to  the  thickness  of  the  plate  irrespective 
of  the  pressare  of  steam  and  other  considerations.  This  leads 
to  no  difficalty  with  girder-work,  becaase  we  can  always  adjast 
tbe  pitch  so  as  to  obtain  eqaality  between  the  strain  on  the 
rivets  to  that  on  the  plate  (25).  Bat  for  boiler-work  the  pitch 
IB  restricted  by  the  pressare  of  steam  (45),  and  we  are  condacted 
to  the  anomaly,  that  as  the  pressare  is  increased,  the  diameter 
of  the  rivets  shoald  be  redaced,  a  resalt  precisely  contrary  to 
that  expected  (53). 
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(29.)  "  Pitch  of  Btvets  in  Single-riveted  Jbtnt*."— The  main 
principle  in  riveting,  as  we  have  stated,  is  so  to  proportion  the 
space  between  rivet-holes  to  the  area  of  the  rivet  as  to  obtain 
equality  of  strength,  that  is  to  say,  that,  theoretically  at  least, 
the  rivets  shall  be  sheared  and  the  plate  ruptured  simultaneously. 
In  a  simple  single-riveted  joint,  if  the  shearing  strength  of 
rivets  per  square  inch  and  tiie  tensile  strength  of  boiler-plate 
were  equal,  the  area  of  plate  between  two  rivet-holes  should  be 
equal  to  the  area  of  a  rivet-hole,  and  it  is  commonly  assumed 
that  such  is  the  proper  proportion.  But  by  col.  6  of  Table  5 
the  mean  strength  of  the  metal  between  the  rivet-holes  in  single- 
riveted  joints  is  36,898  lbs.  per  square  inch,  whereas  the  shearing 
strain  of  rivets  by  (19)  is  49,280  lbs. :  hence  the  area  of  the 
rivet  in  this  kind  of  joint  should  be  36898-^49280  =  -75  of 
the  area  of  metal  between  rivet-holes. 

(30.)  Thus,  with  f  plate,  and  j-^  rivets,  as  per  Table  6,  the 
area  of  |^  =  •  3712,  hence  the  area  of  metal  between  two  rivet- 
holes  should  be  *3712  -f-  *75  =  *495  square  inch  ;  the  distance 
between  rivet-holes  =  •  496  4-  f  =  1  *  32  or  1^  inch,  and  the 
pitch  Ij*^  +  |i^  =  2  inches.  The  ratio  of  the  metal  between 
holes  to  the  solid  plate  is  1  *  32  -f-  2  =  *  66,  hence  the  strain  on 
the  solid  plate,  when  the  joint  is  breaking  through  the  line  of 
rivet-holes,  is  36898  x  *  66  =  24353  lbs.  per  square  inch.  This 
reduced  strain  on  the  solid  plate  as  thus  found,  is  useful  for 
the  purpose  of  calculation,  as  we  shall  find  when  we  come  to 
apply  these  results  to  girders,  boilers,  &c. 

The  general  proportions  of  single-riveted  lap-joints  calculated 
on  these  principles  are  given  by  Table  6 ;  with  steam-boilers 
the  pressure  of  the  steam  has  to  be  considered  in  fixing  the 
pitch  of  the  rivets  (44),  but  for  girder-work  the  proportions 
given  by  the  Table  require  no  correction. 

(31.)  "  Single-riveted  Joints  with  Back  and  Front  Plate.^* — The 
advantage  of  a  single  back-plate,  as  at  B,  Fig.  6,  is  inconsider^ 
able,  as  shown  by  col.  4  of  Table  5,  but  with  a  front  and  back 
plate,  as  in  Fig.  8,  it  is  very  great,  which  is  due  not  only  to 
the  greater  apparent  strength  of  the  metal,  but  also  because 
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the  rivets  are   sabjeoted  to  a  doMe-Bheotty  and  their  area  in 
proportion  to  the  plate  may  be  reduoed  to  half. 

The  apparent  strength  of  metal  between  holes  being  by  ool.  6 
=  46070  lbs.  per  square  inoh,  the  area  of  the  rivets  should 
be  46070  -4-  49280  =  •  93  of  the  area  of  metal  between  two 
holes.  Taking  f  plate,  and  \^  rivets  as  before,  the  area  of  the 
rivet  with  doable  shear  =  *8712  x  2  =  *7424  square  inch ; 
the  area  of  metal  between  two  holes  =  *7424  -f-  *98  =  -8 
square  inch ;  the  distance  between  the  holes  =  '  8  4-  f  =  2^ 
inches,  and  the  pitch  =  2^  -f  -^^  =  2|f ;  the  ratio  of  the  metal 
between  holes  to  the  solid  plate  =  2^-7-  2||,  or  84  -i-  46  =  •  766, 
and  the  strain  on  the  solid  plate  =  -  766  x  46070  =  84829  lbs. 
per  square  inch,  which  is  84829-4-24868  =  1*48,  or  48  per 
cent,  more  than  with  a  simple  single-riveted  joint  (30).  Table  7 
gives  the  general  proportions  and  strength  of  single-riveted 
joints,  with  front  and  back  plate  calculated  in  the  manner  we 
have  illustrated. 

(82.)  "^mottn<  of  Lap.*' — A  riveted  joint  may  give  way 
1st,  by  the  rivets  shearing ;  2nd,  by  the  plate  breaking  across 
through  the  line  of  the  rivet-holes;  and  8rd,  by  the  rivet- 
holes  tearing  out:  we  have  considered  the  two  former,  and 
have  now  to  consider  the  latter.  Theoretically,  the  metal  a,  6, 
c,  d,  in  Fig.  10,  should  be  torn  out,  but  the  rivet  would  be 
flattened  and  deformed  by  the  plate,  and  we  may  assume  a 
starting-point  for  the  line  of  fracture  at  m,  say  midway  between 
a  and  n :  then  the  sum  of  the  distances  m,  o  and  p,  r  should  be 
equal  to  the  space  c,  e  between  two  rivets.  Taking,  therefore, 
half  the  distance  c,  e,  and  setting  it  from  m  to  o,  we  obtain  the 
lap  for  single-riveted  joints,  as  in  col.  6  of  Table  6. 

(33.)  With  a  double-rivoted  joint.  Fig.  11,  the  plate  F  might 
break  on  the  line  of  rivets  A,  B ;  in  that  case  the  plate  E  and  all 
the  rivets  may  remain  intact ;  conversely,  the  plate  E  may  break 
on  the  line  0,  D,  the  plate  F  and  all  the  rivets  remaining  firm. 

If,  as  in  Fig.  12,  we  make  the  space  T  =  half  S,  fracture 
might  take  place  on  the  zig-zag  line  J,  E  as  easily  as  on  the  line 
A,  B,  or  0,  D,  in  Fig.  11,  because  the  breadth  of  plate  strained 
is  the  same  in  both  cases.     This  shows  that  T  should  be  haK  S. 

In  another  case  all  the  rivets  might  be  torn  out,  as  in  Fig.  13, 
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both  plates  being  torn,  but  if  the  lap  be  adjostecl,  as  in  Fig.  12, 
so  that  the  area  of  metal  torn  out  in  each  half  is  eqnal  to  that 
on  the  line  A,  B  in  Fig.  11,  the  breaking  weight  will  be  the 
same  in  all  three  eases.  Figs.  11,  12,  18. 

In  yet  another  case  all  the  rivets  might  be  sheared,  and  both 
plates  remain  intact. 

(34.)  "  Pitch  of  Bivets  in  Double-riveted  Joinis*' — Say  that  we 
take  the  case  of  ^inch  plate,  double-riveted  with  |-inch  rivets : 
the  area  of  J  =  -6013,  or  for  two  rivets  -6013  x  2  =  1-2026 
square  inch.  In  a  common  double-riveted  joint,  the  apparent 
strength  of  the  metal  between  the  rivet-holes,  by  col.  6  of 
Table  5,  is  45,208  lbs.  per  square  inch,  and  taking  ihe  shearing 
strength  of  rivets  (19)  at  49,280  lbs.  per  square  inch,  the  ratio 
is  45208-7-49280  =  -91;  hence  for  1-2026  square  inch  of 
rivet  we  require  1  -  2026  -r-  *  91  =  1  *  82  square  inch  of  plate. 
The  distance  between  two  rivet-holes  will  then  be  1  *  32  -7-  ^ 
=  2-64,  or  2f  inches,  and  the  pitch  P  in  Fig.  11,  =  2f  -f  i  = 
3^  inches :  the  ratio  of  the  metal  between  rivet-holes  to  the 
solid  plate  is  2f-T-3^,  or  21-4-28  =  -751,  hence  we  have 
45208  X  '751  ^  33951  lbs.  per  square  inch  on  the  solid 
plate. 

Comparing  this  result  with  that  given  for  the  same  plate 
single-riveted  by  col.  8  of  Table  6,  we  obtain  33951  -r-  23984 
=  1'42,  or  42  per  cent,  more  with  a  double  than  with  a 
single-riveted  joint.  This  great  advantage  is  partly  due  to  the 
improved  conditions  of  the  strain  by  which  the  apparent 
strength  is  increased  from  36,898  to  45,208  lbs.  per  square 
inch,  as  shown  by  col.  6  of  Table  5 ;  and  partly  to  the  greatly 
increased  pitch,  by  which  the  ratio  of  metal  between  holes  to 
the  solid  plate  is  increased  from  -  650  to  *  751. 

For  girder-work  this  increased  strength  may  be  realised,  but 
for  steam-boilers  the  great  pitch  precludes  the  use  of  such  pro- 
portions, except  for  very  low  pressures  of  steam,  for  instance, 
^-inch  plate,  3]^  inches  pitch,  with  |  rivets,  would  give  2|  space, 
with  which,  by  the  rule  (46),  the  working  pressure  of  steam 
=  7*4  lbs.  per  square  inch  only. 

Table  8  gives  the  general  proportions  of  double-riveted  joints, 
calculated  on  the  principles  we  have  illustrated. 
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(35.)  ''  Double-riveted  Joints  wiih  Back  and  Front  Plaies:* — 
With  a  plate  on  both  sides,  as  in  Fig  9,  a  double-riveted  joint 
has  an  apparent  strength  of  51,000  lbs.  per  square  inch  by 
coL  6  of  Table  5,  and  taking  the  shearing  strength  of  rivets  at 
49,280  lbs.  (19)  the  shearing  area  of  the  rivets  should  be 
51000  4-  49280  =  1*035,  that  of  the  metal  between  holes  being 
1*0.  Taking  the  case  of  ^inch  plate  with  4^  rivets,  each 
space  being  now  matched  by  two  rivets  subjected  to  double^ 
shear y  and  the  area  of  \i  =  *5185  square  inch,  we  have 
*5185  X  4  =  2*074  square  inches  of  rivets,  requiring  2*074 
4-1*085  =  2  square  inches  of  plate:  hence  the  distance 
between  the  insides  of  two  rivet-holes  =  24-^  =  4  inches ; 
the  pitch  4  +  H  =  ^If  inches :  the  ratio  of  metal  between 
rivet-holes  to  the  solid  plate  =44-  4^,  or  64  4-  77  =  *  831, 
giving  on  the  solid  plate  51000  X  *831  =  42381  lbs.  per  square 
inch,  being  423814-23172  =  1*83,  or  83  per  cent  greater 
strength  than  the  same  ^inch  plate  with  simple  single-riveted 
joint,  as  given  by  col.  8  of  Table  6.  Table  7  has  been  cal- 
culated throughout  in  this  manner. 

(36.)  "  Chain-Biveting:'— The  various  Tables  6  to  8  show 
that  with  every  kind  of  ordinary  joint  there  is  a  considerable 
loss  of  strength,  duo  to  the  metal  being  punched  out  to  take 
the  rivets,  varying  from  *  588,  or  a  loss  of  41  •  2  per  cent,  with 
single-riveted  joints  in  Table  6,  to  •  857,  or  a  loss  of  14  *  3  per 
cent,  in  double-riveted  ones  with  front  and  back  plates  in 
Table  7.  By  what  has  been  termed  Chain-riveting  the  loss 
from  this  cause  may  be  entirely  avoided,  and  the  full  tensile 
strength  of  the  entire  area  of  the  solid  plate  may  be  utilised. 

Say  we  take  f  plates,  double-riveted  with  1^  rivets  4j^  inches 
pitch,  as  in  Table  8,  the  space  between  rivet-holes  being  2|^  ; 
then  the  ratio  of  the  metal  between  rivet-holes  to  the  solid 
part  of  the  plate  or  space  4-  pitch,  becomes  2|-J  4-  4^,  or 
47-f-65  =  -723,  hence  1*0  -  *723  =  -277,  or  27*7  per  cent, 
of  the  strength,'  is  lost.  Now  if  instead  of  arranging  the 
rivets  in  two  rows,  as  in  Fig.  11,  we  place  them  in  five  rows,  as 
in  Fig.  15,  we  have  on  the  line  Q,  R,  4^  X  3  =  12^  inches 
pitch,  and  the  space  12-j%  —  1^  =  II^Vj  *^®^  *^®  ^**^^  ^^  space 
4- pitch  becomes  ll^i^  4- 12^,  or  177  -f- 195  =  -91,  or  100- 
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91  =  9  per  cent,  loss  of  strength  only,  allowing  nothing  for 
friotion  between  the  surfaces  (20).  But  friction  in  snch  a 
joint  wonld  certainly  add  9  per  cent,  or  eyen  more  if  it  could 
be  utilised,  and  thus  we  find  that  the  fnll  strength  of  the  solid 
plate  becomes  available,  there  being  no  loss  whatever. 

The  amount  of  lap  in  such  a  joint  carried  out  in  the  ordiijary 
manner  would  be  very  great,  but  this  may  be  avoided  by  the 
arrangement  shown  by  Fig.  15.  The  bottom  plate  of  the 
girder,  or  rather  the  plate  subjected  to  tensile  strain,  instead  of 
being  made  in  one  thickness,  is  divided  into  two  plates  of  half 
the  thickness,  and  they  are  arranged  upon  one  another  so  as  to 
break^nt.  Thus  when  a  thickness  of  1  inch  is  required  we 
should  use  two  ^inch  plates :  then  if  the  top  plate  extends 
from  A  to  B,  the  lower  plate  would  extend  from  C  to  D,  the 
junction  at  0  being  in  the  centre  of  the  solid  part  of  the  plate 
A,  B,  &C.  We  thus  secure  all  the  advantages  of  spreading  the 
rivets,  without  any  loss  by  lap. 

The  only  drawback  to  this  method  is,  that  two  thin  plates 
will  be  more  subject  to  damage  from  rust  than  one  thick  one  of 
equal  area,  not  only  because  they  would  expose  double  surfsuse 
to  the  elements,  but  also  that  the  interstice  between  them 
would  harbour  the  rain-water.  This  method  is  therefore  most 
useful  in  large  structures  where  thick  plates  are  used,  and  even 
then,  care  should  be  taken  by  painting,  &c.,  to  obviate  deteriora- 
tion by  rusting. 

STEEL  BIVETED-JOIKTS  FOB  GIBDEB-WOBK. 

(37.)  The  introduction  of  the  Bessemer  process  in  the  manu- 
fiu^ure  of  steel,  and  consequent  reduction  in  cost,  has  led  to  its 
extensive  use  for  all  purposes  as  a  substitute  for  wrought  iron. 
The  full  value  of  its  great  tensile  strength  has  not  been  quite 
realised  with  riveted  joints,  from  the  fact  that  steel  rivets  have 
comparatively  a  low  shearing  strength,  which  differs  very  little 
firom  that  of  wrought  iron  (42).  This  has  led  to  the  necessity 
for  larger  rivets  than  would  otherwise  have  been  required, 
resulting  in  some  loss  of  strength.  The  best  experiments  we 
have  are  those  of  Mr.  H.  Sharp,  from  which  we  shall  obtain  the 
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strength  of  annealed  and  unannealed  steel  plates,  solid,  pnnohed, 
and  drilled ;  also  the  strength  of  the  metal  in  riveted  joints,  and 
of  the  rivets  in  those  joints. 

(38.)  ""  Solid  or  Unpunched  Plates"— Table  9  gives  the  strength 
of  solid  steel  plates,  and  shows  the  remarkable  effect  of  annealing 
or  heating  to  a  dull  red  heat  and  cooling  slowly  in  sand  or 
ashes,  the  result  being  an  increase  in  strength  of  51  per  cent 
crossways  of  the  grain,  and  60  per  cent,  lengthways,  the  mean 
of  the  two  =  55^  per  cent. 

Bemarkable  as  this  result  is,  it  is  confirmed  by  the  experi- 
ments of  Mr.  Bamaby  at  H.M.  Dockyard,  Chatham,  on  steel  plates 
^  inch  thick,  punched  with  holes  about  f  inoh  diameter,  &c.,  as 
in  Fig.  14 :  the  average  of  eight  annealed  plates  was  32  *  839, 
and  of  eight  unannealed  plates  21*097  tons  per  square  inch, 
showing  a  difference  of  38-839  -r  21-097  =  1-5566,  or  55-66 
per  cent.,  being  almost  exactly  the  same  as  with  solid  plates. 


Table  9. — Of  Experiments  on  the  Tensile  Strength  of  Solid 

Steel  Plates. 


Direction  of  the  Grain. 


Crossways 


j» 


•  •  •  « 


•  •  •  « 


Mean  = 
Lengthways  . . 


»» 


.  •     •  • 


•  •     •  • 
Mean  = 


Annealed. 


83010 
29-981 
30-724 
31-278 
31-250 

36-929 
35-397 
33-875 
33-522 
34-43 

(1) 


it.    Tons  per 

inch. 

Ratio. 

Not  Annealed. 

19-390 

•  • 

26-369 

•   • 

18-885 

•   • 

18-005 

•   • 

20-662 

=  1-51 

22-460 

•   • 

22-781 

•   * 

16-997 

•   • 

23-891 

•    • 

21-53 

=  1-60 

(2) 

(3) 

(39.)  This  is  the  more  remarkable  because  the  effect  of 
annealing  with  wrought-iron  plates  was  just  the  reverse,  as 
shown  by  the  direct  experiments  of  Kirkaldy  (14)  on  six  kinds 
of  Yorkshire  iron ;  the  mean  result  of  eighteen  experiments  on 
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plates  I,  iy  and  {  inch  thick  being  a  loss  by  annealing  of  5  *  6  per 
cent,  lengthways,  and  5 '2  per  cent  crossways.  With  Lowmoor 
iron,  the  loss  was  4*8  and  1*8  per  cent,  and  with  Bowling,  8*0 
and  9  *  1  per  cent,  respectively. 

It  wonld  appear  from  this  that  steel  plates,  even  in  the  solid 
or  nnpnnohed  form  should  always  be  annealed  With  annealed 
plates,  those  strained  lengthways  of  the  grain  are  10  per  cent, 
stronger  than  those  strained  crossways,  and  with  tiiose  not 
annealed,  4*2  per  cent. 

(40.)  '*  Effect  of  Punching  and  Drilling:'— Mr.  Sharp  made 
experiments  on  steel  plates  by  pmiching  and  drilling  rivet-holes 
of  the  diameter  and  pitch  commonly  used  for  riveted  joints,  the 
results  of  which  are  given  by  Table  10,  which  shows  that  by 
punching  cold  in  the  usual  way,  the  metal  left  between  the 
holes  is  damaged  from  24*1  to  38  per  cent.,  the  mean  being 
33  per  cent,  which  is  very  great  as  compared  with  wrought 
iron.  Mr.  Kirkald/s  experiments  on  Yorkshire  iron  in  Table  4 
gives  the  loss  due  to  punching  from  6  *  7  to  21  *  2  per  cent.,  the 
mean  of  the  whole  being  15  per  cent,  only ;  Mr.  Fairbaim's 
experiments  on  Lowmoor  iron  in  single-riveted  joints  gave 
1  •0-*76  =  -24,  or  24  per  cent  loss,  by  col.  4  of  Table  5. 

After  the  punched  plates  were  annealed,  the  tensile  strength 
was  restored  to  85  *  86  tons  per  square  inch,  or  nearly  to  that  of 
the  solid  plate,  which  in  this  case  was  86*22  tons,  and  this 
again  is  the  strength  of  the  metal  in  a  drilled  plate  which  by 
Table  10  =  86*3  tons  per  square  inch.  From  this  we  find 
when  the  holes  are  drilled  the  metal  left  between  holes  is  un- 
injured, its  strength  per  square  inch  being  equal  to  that  in  a 
solid  plate. 

It  is  not  very  clear  how  these  experiments  were  made,  but  it 
would  appear  tiiat  the  plates  in  Table  10  were  all  annealed  to 
begin  with ;  then  after  the  holes  were  punched  the  strength 
was  reduced  from  36*22  to  24*388  tons  per  s<]^uare  inch,  which 
by  annealing  a  second  time  was  restored  nearly  to  its  normal 
value,  or  to  85  *  86  tons.  The  drilled  and  annealed  plates  gave 
86*3  tons,  or  practically  the  same  strength  as  the  annealed 
solid  plate,  which  was  86  *  22  tons. 

(41.)  ""  JEUveted  Joints  in  Steel  Plato."— Steel  plates  ^  inch 
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Table  10. — Of  the  Effect  of  Punching  and  DBiLLiNa  Rivet-holbs 

in  Steel  Plates. 


Breaking  Weight.    Tons  per 
Square  Inch. 


Boles  Punched. 


Boles  Drilled. 


26-690  -4-  35-22  = 
23-735  -4-  87-27  = 
22-570  -4-  36-40  =: 


Ratia 


'759 

637 

'620 


Mean  Besnlts  of  the  whole. 
24-333  -4-  36-80  =  67        I 


L068 

PierOent 


24-1 
36-3 
38-0 


33-0 


thick,  were  riveted  together  with  -^  rivets,  If  pitch ;  the  joints 
being  in  the  six  different  forms  given  in  Table  5.  Unfortu- 
nately the  results  were  vitiated  by  the  weakness  of  the  rivets. 
Of  course  when  a  joint  fsdls  by  the  rivets  shearing  it  is  no  test 
of  the  strength  of  the  plate :  the  only  fair  way  is  to  take  those 
cases  where  the  rivets  failed  as  giving  the  strength  of  the  rivets, 
and  vice-versd. 

Taking  from  Table  11  the  plates  which  failed,  wo  have  three 
with  punched  holes  giving  40*98,  43*63,  and  39-11  tons,  the 
mean  =  41-24  tons  per  square  inch.  Then  two  plates  with 
drilled  holes  failed  with  39*25  and  42*93  tons  respectively, 
the  mean  =  41*09  tons  per  square  inch  of  metal  between 
holes,  which  shows  that  with  riveted  joints,  as  with  unriveted 
plates  (40),  the  strength  of  annealed  steel  plates  is  the  same 
whether  the  holes  are  punched  or  drilled.  The  mean  of  the 
five  experiments  on  punched  or  drilled  plates  is  41*2,  say 
41  tons  or  91,840  lbs.  per  square  inch,  which  may  be  taken  as 
the  breaking  weight  of  metal  between  rivet-holes  in  ordinary 
double-riveted  steel  joints.  It  will  be  observed  that  in  some  of 
the  experiments  from  which  that  datum  was  derived,  the  joint 
had  a  back  and  front  plate,  the  rivets  being  therefore  subjected 
to  a  double-shear,  but  that  fact  seems  to  have  made  no  difference 
to  the  results. 

(42.)  ^*  Strength  of  Steel  Biveta" — The  resistance  of  mild 
steel  rivets  to  a  shearing  strain  may  be  obtained  from  Table  11 : 
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Table  11. — Of  Expenments  on  the  Stbenoth  of  Rivbtbd  Joints, 

in  Steel  Plates. 


Braaking  Strain.    Tons  per 
SiqnareLich. 

Kind  of  Joint 

OnthePUte. 

MeUl  between 

Holea. 

On  the 
Rivets. 

Mode  of  Failing. 

DriUed. 

Ponched. 

Solid  Plate  (36*22  tons)  Fig.  6 

•  • 

•  • 

•   • 

•  • 

Single-riTeted                   „  A 

24-928 

•  • 

25-53 

BiTets  sheared. 

»                             »i  ■**• 

•  • 

26-254 

25-87 

•9 

^  with  hack  plate  ^  B 

23-68 

«  • 

24-26 

r»                    n                    »»■*'•. 

24-53 

24-17 

t) 

„  with  hack  and  front\ 
plate     . .     Fig.  Cj 

36*62 

•  • 

18-75 

i» 

n                  >»                 >♦    ^ 

•  • 

40-98 

20-20 

Plate  hroke. 

Douhle-riveted                  ^  D 

42-33 

•  • 

25-95 

Bivets  sheared. 

H    D 

«  • 

37-00 

21-88 

)« 

„  with  hack  plate  „  E 

39-25 

•  • 

17-18 

Plate  hroke. 

»f             »               ♦»  E 

•  • 

43-63 

18-42 

„  with  hack  and  fVont\ 
plate    . .      Fig.  F/ 

42-93 

•  • 

915 

M                             »»                         »♦      ' 

•  • 

39-11 

7-25 

»» 

0) 

(2) 

(3) 

in  Beven  cases  the  rivets  were  sheared  with  strains  yar3ring  from 
25*95  to  18-75  tons,  the  mean  of  the  whole  being  23*77  tons 
or  53,245  lbs.  per  square  inch,  which  is  remarkably  low.  It  is 
generally  admitted  that  the  shearing  and  tensile  strains  are 
equal  to  one  another,  and  (123)  shows  that  this  is  correct  so  far 
as  wrought  iron  is  concerned.  But  the  mean  tensile  strength 
of  bar  steel  is  47  *  84  tons  per  square  inch,  this  being  the  mean 
of  sixty-six  experiments  in  Table  1,  so  that  it  would  appear 
that  the  fibres  of  steel  are  very  seriously  damaged  in  the  act  of 
riyeting,  the  shearing  strength  being  reduced  to  half  the  normal 
tensile  strength. 

This  is  the  more  remarkable  because  it  is  really  lower  than 
the  shearing  strength  of  wrought  iron :  the  direct  experiments 
of  Mr.  E.  Clark  in  (123)  give  24  *  14  tons  per  square  inch  as 
the  mean  of  four  experiments  with  single-shear,  which  is  1^ 
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per  cent,  greater  than  23*77  tons  the  shearing  strength  of 
steel. 

Moreover  it  should  be  observed  that  the  strength  of  steel 
rivets  was  obtained  from  joints  in  steel  plates,  where  the  friction 
due  to  the  grip  of  the  rivets  (20)  must  have  contributed  to  the 
apparent  strength,  so  that  the  resistance  of  the  rivets  alone 
must  have  been  considerably  less  than  23  *  77  tons  per  square 
inch,  which  however  must  be  accepted  as  the  apparent  shear- 
ing strength  of  steel  rivets  in  double-riveted  joints  of  steel 
plates. 

(43.)  "  Proportions  of  Steel  Joints" — The  pitch  and  other 
proportions  of  riveted  joints  with  steel  plates  may  be  determined 
on  the  same  principles  as  those  of  wrought-iron  plates,  but  the 
relative  weakness  of  steel  rivets  will  afifect  the  pitch  very 
considerably. 

We  shall  take  the  tensile  strength  of  the  metal  between  rivet- 
holes  in  steel  joints  of  all  kinds  at  41  tons,  or  91,840  lbs.  (41), 
and  the  apparent  shearing  strain  of  steel  rivets  in  joints  at 
63,245  lbs.  per  square  inch  (42) :  hence  the  rivets  are  58  per 
cent,  only  of  the  strength  of  the  plates. 

Say  we  take  for  illustration  g-inch  plates,  double-riveted :  by 
col.  3  of  Table  14  the  rivets  should  be  ]4  i^^h  diameter ;  then 
the  area  of  the  rivets  must  bo  91840  -^  53245  =  1-725,  that  of 
the  plato  between  holes  being  1  •  0,  hence  for  two  \^}r  rivets  to 
each  space  as  with  double-riveted  joints,  whose  area  =  •  3712 
X  2  =  -7424  square  inch,  wc  require  '7424 -=-1*725  =  *43 
square  inch  of  plate.  The  distance  between  holes  will  there- 
fore bo  * 43  -f-  S  =  1 .  146,  or  1|  inch  ;  the  pitch  IJ  -f  fj  =  1|| ; 
the  ratio  of  metal  left  between  holes,  to  the  solid  plate  =1^-7- 
Ijj},  or  18-^29  =  *621 ;  and  the  strain  on  the  solid  part  of 
the  plate  wlien  the  metal  between  holes  is  breaking  becomes 
91840  X*G21  =  57033  lbs.  per  square  inch.  Table  12  has 
been  calculated  in  this  way  throughout. 

Comparing  steel  joints  with  double-riveted  ^vrought-iron  ones 
in  Table  8,  col.  9  gives  for  ^3 -inch  plate  34,177  lbs.  per  square 
inch  :  hence  we  obtain  57033  -^  34177  =  1*67,  or  67  per  cent, 
in  favour  of  steel  for  Girder-work :  for  Boilers  see  (65),  (74). 
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Table  12. — Of  Doublk-biveted  Joints  in  Steel  Plates  :  for 

GiRDER-WORK   ONLY. 


Tbiek- 

DMSof 

Plate; 

• 

Diara. 

of 
Rivet- 
holtt. 

SniUble 
Pitch- 

Space 

between 

Rivet«. 

Distance 
between 
Rows  of 
Rivets. 

Iiap. 

Ratio  of 

Punched 

toSoUd 

Plate. 

Breaking 
Strain  of 

Metal 

between 

Holes.  Lbs. 

per  Square 

Inch. 

Strain  ou 

Solid  Part 

of  PUte. 

Lb*,  per 

Square 

Inch. 

A 

tV 

1| 

if 

s 

If 

•682 

91,840 

62,635 

} 

i 

iiV  . 

H 

+i 

1? 

•652 

i» 

59,880 

A 

A 

u 

It 

i 

IJ 

•625 

»> 

57,400 

i 

H 

lit 

H 

i 

2J 

•621 

»» 

57.030 

A 

i 

HI 

lA 

1 

2J 

•613 

n 

56.300 

i 

U 

2tV 

U 

H 

2J 

•606 

»♦ 

55,650 

w 

(2) 

(3) 

(4) 

(5) 

(6) 

0) 

(8) 

(9) 

biyeted  joints  fob  steam-boileb  wobe. 

(44.)  In  riveting  plates  for  girder-work,  we  have  only  to  con- 
sider the  proper  proportions  of  area  of  rivets  to  area  of  plate 
between  rivet-holes,  but  for  steam-boiler  joints  we  have  further 
to  consider  the  space,  or  distance  between  rivet-holes  with 
reference  to  the  pressure  of  steam,  otherwise  the  joint  may  not 
be  steam-tight.  A  riveted  joint  may  be  abundantly  strong 
enough  to  resist  the  strain,  but  if  the  pitch  of  the  rivets  i^  too 
great,  it  will  give  trouble  by  leaking. 

(45.)  "  Sptice  between  Bivets" — ^An  ordinary  lap-joint,  Fig.  16, 
is  made  steam-tight  by  caulking  at  C,  and  although  the  con- 
traction of  the  rivet  in  cooling  will  draw  the  two  plates  together, 
still  there  will  be  a  small  space  at  D,  sufficient  to  allow  the 
steam  to  enter,  being  stopped  in  its  passage  by  the  caulking 
at  C.  The  plate  at  E,  between  two  rivets  may  therefore  bo 
regarded  as  a  beam  loaded  all  over  by  the  pressure  of  the 
steam,  and  if  that  pressure  exceeds  a  certain  amount,  the  effect 
will  be  to  cause  the  beam  to  spring  or  deflect  slightly  and 
thereby  to  leak  at  C. 

We  have  now  to  consider  the  relations  between  the  thickness 
of  plate,  distance  between  the  insides  of  the  rivet-holes,  and  the 
prefisore  of  steam. 
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Let  A,  B,  C,  Fig.  17,  be  three  beams,  all  of  the  same  depth 
(or  thickness)  and  breadth,  but  varying  in  length  in  the  ratio 
1,  2,  4 ;  then  by  analogy  these  may  be  regarded  as  three  steam 
joints  having  distances  between  insides  of  rivet-holes  in  the 
ratio  1,  2, 3,  &o.  Now,  if  we  admit  that  a  crack  of  any  measur- 
able amount  will  cause  leakage,  that  amount  will  be  the  same  in 
all  three  cases,  so  that  the  problem  becomes  this ;  to  find  what 
the  respective  loads  must  be,  to  give  one  and  the  same  deflection 
in  all  the  three  cases.     By  the  laws  of  deflection  in  (662)  it  is 

shown  that  W  =  — =r^ 7=—  •    In  our  case  cT,  6,  8,  and  C  are 

L'  X  0  ' 

constant,  therefore  W  will  be  inversely  proportional  to  L'  simply, 

hence  the  lengths  C,  B,  A,  being  in  our  case  1,  2,  4,  the  loads 

will  be  in  the  ratio  4',  2^  1^  or  64,  8,  1.    But  in  our  ease,  the 

surfaces  over  which  these  loads  are  spread  are  also  in  the  ratio 

1,  2,  4,  and  our  special  object  is  to  find  the  pressure  or  load 

per  square  inch  ;  with  A  we  have  a  load  of  1  spread  over  a  length 

of  4,  hence  1  -7-  4  =  J  per  unit  of  length ;  with  B,  a  load  of  8 

spread  over  a  length  of  2,  or  8  -7-  2  =  4  per  unit  of  length ;  and 

with  C,  a  load  of  64  spread  over  a  length  of  1,  or  64  per  unit  of 

length.     Thus,  with  lengths  4, 2, 1,  we  obtain  pressures  J,  4,  64 ; 

or  in  the  ratio  1,  16,  256,  which  are  inversely  as  the  fourth  power 

of  the  lengths,  for  1*,  2*,  4*  are  1,  16,  256,  and  we  thus  find  that 

with  constant  thickness,  the  pressure  tending  to  produce  leakage 

of  steam  will  be  inversely  proportional  to  S*,  or  the  fourth  power 

of  the  space,  or  distance  between  the  insides  of  the  rivet-holes. 

The  formula  in  (662)  shows  that  W  is  directly  proportional 

to  t^,  hence  we  have  the  rules : — 

(46.)  p^M^xt'-^  S\ 


(47.)  S=  -y  MlX  t'-^p. 

(48.)  ML  =  S*Xi>-^«^ 

In  which  S  =  the  space  between  insides  of  rivet-holes  in  inches. 
t  =  thickness  of  plate  in  |ths  of  an  inch. 
p  =  working  pressure  of  steam  in  lbs.  per  square  inch. 
Ml  =  *  constant  from  practice  =   5*5  for  wrought 
iron ;  6  *  2  for  steel  plate. 
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To  find  the  value  of  Ml  we  may  take  a  standard  ease,  say 
f  plate,  W  rivets,  2  inches  pitch,  1-j^  space,  and  50  lbs.  per 
square  inch;  these  are  common  proportions,  and  have  been 
proved  to  be  satisfiActory  by  muversal  experience. 

We  may  find  1^*  by  the  square  of  the  square  of  that  number ; 
thus  lA'  =  1-723,  and  1-723*  =  2-969,  which  is  the  fourth 
power  of  ly\ ;  then  the  rule  Ml  =  8*  X  l?  -r  <*,  becomes  2*969 
X  60-^27  =  5-48,  say  5-5,  the  value  of  Ml- 

(49.)  Again :  to  find  S  for  say  150-lb.  steam  with  ^-inch  plate, 

the  rule  (47)  becomes  S  -=  ^6-5  x  4^-1-150"  =  1  •  238,  or  say 
1^  inch.  For  example,  5-5  x  64  4- 150  =  2-35 ;  then  we  may 
obtain  the  4th  root  of  2-35  by  finding  the  square  root  of  the 
square    root    of   that   number:    thus    V2-35  =  1*533,  and 

V 1-533  =  1-238  inch  as  before,  this  being  the  4th  root  of 
2*35.  We  should  obtain  the  same  result  direct  by  the  use  of 
logarithms:  thus  the  log.  of  2*35  or  -371068  -r  4  =  -092767, 
the  natural  number  due  to  which  =  1  *  238  inch  as  before. 

Again :  to  find  p  for  say  ^  plate  with  f  rivets,  1^-inch 
space,  therefore  |  +  1^^  =  2^^  pitch,  the  rule  (46)  gives  p  = 
6-6  X  3J»  -^  1t^*  =  80-lb.  steam.  Thus  l^^'  =  1-72,  and 
1  *  72*  =  2  •  96,  which  is  the  4th  power  of  1 W-  Then  3^*  being 
=  42-87,  we  obtain  |)  =  5*5  x  42*87  4-2*96  =  80-lb.  steam 
as  before. 

The  London  and  North- Western  Railway  Co.  at  Crewe,  for 
their  4-foot  locomotive  boilers,  use  ^^inch  plates,  f  rivets, 
1 J  pitch,  therefore  1-inch  space  ;  then  j?  =  5  *  5  x  8  J'  -r- 1*  = 
189-lb.  steam ;  the  actual  ordinary  working  pressure  is  120  lbs. ; 
occasionally  150  lbs.  per  square  inch. 

(50.)  Table  13  has  been  calculated  by  rule  (46).  It  should 
be  understood  that  these  rules  are  approximate  only,  giving  a 
ttji  working  pressure.  Possibly  a  pressure  double  or  even 
treble  that  given  by  the  rule,  would  not  cause  the  joint  to  leak 
instantly,  but  in  all  probability  it  would  eventually  do  so,  and 
as  it  is  essential  that  boilers  should  be  perfectly  steam-tight,  it 
will  be  advisable  that  the  working  pressure  should  not  much 
exceed  those  given  by  the  rules,  and  Table  13.  When  a  steam 
joint  or  anything  else  is  overstraznad^  fulare  is  always  more  or 
less  a  gnestjon  of  time. 
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Table  13. — Of  the  Maximum  Pressure  of  Steam  with  Hivbtsd 
Joints,  as  governed  hy  the  Space  between  Rivet-holes. 


between 
wholes. 

• 

Thlckneas  of  Plate  in  Inches. 

Space! 
Kivel 

A 

i 

A 

1 

iV 

i 

^f 

8 

ii 

i 

Averag 

e  Working  Pressure  of  Steam : 

Lbs.  per  Square  Inch. 

In. 

1 

122 

288 

•  • 

•  • 

•  • 

•  • 

•  • 

•  ■ 

H 

83 

197 

384 

•  • 

•  • 

•  t 

•  • 

•  • 

! 

60 

140 

273 

470 

•  • 

•  • 

•  • 

•  • 

■W 

43 

101 

197 

341 

•  • 

•  • 

•  • 

^  ^ 

1 

32 

75 

147 

253 

402 

•  • 

•  • 

•  • 

# 

11 

24 

57 

111 

192 

305 

456 

•  • 

1 

18 

44 

86 

148 

236 

352 

501 

•  • 

ItV 

15 

35 

68 

117 

185 

276 

393 

•  • 

H 

12 

28 

54 

93 

147 

222 

313 

429 

•  • 

IyV 

9 

22 

43 

75 

119 

177 

252 

346 

460 

•  • 

u 

18 

35 

61 

97 

144 

205 

282 

378 

•  • 

lA 

15 

29 

50 

80 

119 

169 

232 

300 

400 

H 

24 

41 

66 

98 

140 

192 

256 

332 

iiV 

20 

35 

55 

82 

117 

161 
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278 

H 

29 

47 

70 

100 

136 

180 

235 

1' 

21 

32 

50 

72 

100 

131 

170 

1? 

25 

37 

54 

73 

98 

127 

12- 

•  • 

28 

41 

55 

74 

96 

2 

•  • 

•  • 

31 

43 

57 

74 

2J 

•  • 

•  • 

•  • 

34 

44 

58 

2} 

•  • 

•  • 

•  ■ 

•  * 

36 

46 

(51.)  We  have  admitted  in  (28)  that  the  diameter  of  the 
rivets  shall  be  governed  by  the  thickness  of  the  plate  alone, 
irrespective  of  the  pressure  of  steam  or  other  considerations ; 
and  in  (44)  we  have  allowed  that  the  space  between  rivet-holes 
(and  thereby  the  pitch  of  the  rivets)  shall  be  dominated  by 
the  pressure  of  the  steam.  But  under  these  two  conditions 
it  is  impossible  to  secure  that  equality  between  the  shearing 
strain  on  the  rivets  and  the  tensile  strain  on  the  plate,  which  is 
an  essential  principle  in  riveting,  as  shown  in  (29).  For 
instance,  in  Table  14,  the  pitch  is  allowed  to  be  the  same 
whether  the  joints  are  single  or  double-riveted :  but  obviously 
if  the  area  of  the  rivets  is   properly   proportioned    for   the 
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former,  they  must  have  an  excess  of  strength  for  the  latter, 
because  in  one  case  each  space  is  matched  by  one  rivet,  and  in 
the  other  case  by  two. 

(52.)  This  anomaly  might  be  avoided  if  we  allow  that  the 
diuneter  may  be  varied  so  as  to  adapt  it  to  the  strain,  irre- 
spective of  the  mere  thicJcness  of  the  plate.  Say  that  we  take 
^inch  plate  for  50-lb.  steam,  =  l|-inch  space  by  Table  14 : 
then  the  area  of  plate  between  two  rivet-holes  =  If  x  ^  = 
•8125  square  inch,  giving  in  a  single-riveted  joint  by  col.  7  of 
Table  5,  34110  x  -8125  =  27710  lbs.,  and  as  rivets  yield 
49,280  lbs.  per  square  inch  (19),  we  have  27710 -r- 49280  = 
*  562  square  inch  of  rivet  =  say  bare  |-inch  diameter,  agreeing 
nearly  with  coL  2  of  Table  6,  which  gives  {-^  inch  diameter 
for  j^inch  plate,  showing  that  in  a  single-riveted  joint  the 
principle  of  equality  between  the  strains  on  the  rivet  and  plate 
is  complied  with. 

But  with  double-riveted  joints  we  have  two  rivets  to  each 
space,  and  41,800  lbs.  per  square  inch  of  plate  by  col.  7  of 
Table  5:  then,  we  have  41800  x  -8125  =  33962  lbs.  from 
the  plate  requiring  33962  -^  49280  =  *  689  square  inch,  area  of 
two  rivets,  or  *  345  square  inch  each,  =  say,  \-\  inch  diameter, 
instead  of  ^  inch,  as  for  single-riveting ;  but  by  most  practical 
men  \^  rivets  would  be  deemed  too  light  for  ^inch  plates. 

(53.)  Besides,  there  is  this  anomedy,  that  the  higher  the 
pressure  of  steam,  the  smaller  the  rivets  become,  this  being 
due  to  the  reduced  space  between  rivets.  Thus,  for  350-lb. 
steam,  and  ^inch  plates,  the  space  =  1  inch  by  Table  13, 
hence  1X7  =  ^  square  inch  of  metal,  which  in  a  single-riveted 
joint  would  give  34100  x  i  =  17055  lbs.,  requiring  17055  4- 
49280  =  *  346  square  inch  of  rivet  =  say  \^  inch  diameter  for 
d50-lb.  steam,  whereas  for  50-lb.  steam  we  obtained  ^  inch. 

These  calculated  proportions  are  no  doubt  correct  so  far 
as  the  strains  on  the  rivet  and  plate  are  concerned,  but  there 
are  other  considerations  which  render  it  inexpedient  that 
they  should  be  followed,  and  we  must  admit  the  practical 
dictum  (28)  that  the  diameter  of  the  rivet  shall  be  proportional 
to  the  thickness  of  the  plate,  as  given  by  the  rule  (27). 

(64.)  "  Sjpaee  between  Bivets  with  Steel  Plates.** — By  coL  4  of 
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Table  105,  steel  is  stiffer  than  wrought  iron,  the  difference  being 

1565-7-1386  =  1*13  or   13  per  cent,  and  the  pressure  of 

steam  would  be  greater  in  that  ratio;  hence  the  rule  (46) 

becomes : — 

|)  =  6-2x  <^-7-S*. 

But  the  difference  of  13  per  cent,  is  so  small,  and  the  rule 
such  an  approximate  one,  that  we  may  safely  admit  that  the 
working  pressure  with  steel  will  be  the  same  as  for  wrought 
iron  as  given  by  Tables  13,  &c. 


CHAPTER  III. 

OOHESION  APPLIED  TO  PIPES. 


(55.)  It  is  necessary  to  consider  this  subject  under  two 
different  heads ;  namely,  thin  and  thick  pipes ;  the  former 
being  usually  of  wrought  sheet  motal,  such  as  ordinary  steam- 
boilers,  and  the  latter  of  cast  metals,  such  as  strong  water- 
pipes,  hydraulic-press  cylinders,  &c.  The  strains  in  these 
two  cases  differ  considerably  from  one  another,  the  latter  being 
much  more  complex  than  the  former. 

"  Thin  Tubes'' — Let  Fig.  18  be  a  tube  1  inch  square,  and  for 
the  sake  of  illustration,  say  1  inch  deep,  subjected  to  an  internal 
fluid  pressure  of  100  lbs.  per  square  inch,  acting,  of  course,  in 
all  directions.  Now  the  surface  c,  d  having  an  area  of  1  square 
inch,  will  exert  a  force  of  100  lbs.  in  the  direction  of  the 
arrow  a,  and  will  be  resisted  by  a  similar  force  on  the  surfetce 
6,  /,  acting  in  the  direction  of  h ;  hence  we  have  a  tensile 
strain  of  50  lbs.  on  each  of  the  sides  c,  e  and  d,  /,  tending  to 
produce  rupture  say  on  the  line  B,  B. 

(56.)  Let  Fig.  19  be  an  octagonal  tube  1  inch  inside,  and 
1  inch  deep  as  before :  we  have  first  to  And  the  dimensions 
of  the  sides  of  the  polygon.  The  ^Z/-side  a,  6  is  evidently 
the  tangent  of  the  angle  a,  d,  h,  which  being  the  sixteenth 
part  of  the  circle  will  be  360  -r- 16  =  25° :  then  by  any  table 
of  natural  tangents  we  And  that  with  radius  1  *  0,  the  tangent 
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of  25°  =  0*4142,  hence  with  radios  j^,  as  in  our  case,  we  have 
a,  b  =  0-2071,  and  ck^  c  =  0*4142  inch.  The  pressure  on  a,  c 
will  act  direct  as  a  tendency  to  rnptnre  on  the  points  B,  B, 
the  force  being  0*4142  x  100  =  41*42  lbs.;  but  the  pressure 
on  c,  6  and  a,  g  will  act  obliquely.  Thns  the  strain  on  c,  e  will 
of  course  be  41*42  lbs.,  as  on  a,  c,  but  it  will  act  in  the 
direction  of  the  arrow  a?,  and  must  be  resolved  into  two 
equivalent  forces,  one  in  the  direction  of  the  arrow  y,  which 
being  at  right  angles  to  B,  B,  will  tend  to  rupture  on  those 
points ;  the  other  in  the  direction  of  the  arrow  z  being  parallel 
to  B,  B  will  have  no  effect.  By  the  well-known  parallelogram 
of  forces,  Fig.  20  making  the  diagonal  D  =  41*42  lbs.,  we 
have  two  equivalent  strains,  the  direction  and  force  of  which 
are  given  by  the  two  sides  of  the  parallelogram  E,  F,  each 
29*29  lbs.,  F  being  a  direct  tensile  strain  on  the  points  B,  B 
in  Fig.  19.  Of  course  the  side  a,  g  will  give  29  *  29  lbs.  also, 
and  the  combined  strain  will  be  from  a,  ^  =  29  *  29 ;  a,  c  = 
41-42;  and  c,  e  =  29*29  lbs.,  or  29*29  +  41*42  +  29-29  = 
100  lbs.,  being  precisely  the  same  as  witii  the  tube.  Fig.  18, 
1  inch  square. 

Calculating  in  this  way  with  a  polygon  of  any  number  of 
Bides  we  should  obtain  the  same  result,  and  a  circle  being 
regarded  as  a  polygon  with  an  infinite  number  of  sides,  we 
thus  find  that  the  strain  on  a  cylindrical  tube  is  the  same 
as  on  a  square  one  of  the  same  dimensions.  From  this  it 
follows  that  the  strength  of  a  cylinder  of  thin  plate,  such  as 
an  ordinary  boiler,  is  simply  and  directly  proportional  to  the 
thickness,  and  inversely  as  the  diameter. 

(67.)  "  Lap-welded  Tubes" — Say  that  we  require  the  strength 
of  a  small  boiler  24  inches  diameter,  ^inch  plate,  with 
welded  joint,  made  of  Staffordshire  plates  whose  tensile 
strength,  namely,  that  of  a  solid  plate,  is  20  tons  per  square 
inch.  By  Mr.  Bertram's  experiments  at  Woolwich  the  strength 
of  a  lap-welded  joint  may  be  taken  at  65  per  cent,  of  that 
of  the  solid  plate :  hence  20  x  *  65  =  13  tons,  or  29,120  lbs. 
per  square  inch.  In  our  case  rupture  strains  ^  a  square  inch 
(or  i  inch  at  each  side) ;  hence  29120  x  ^  ==  14560  lbs.,  which 
on  24  inohes  gives   14560  +  24  =  607  lbs.  per  square  inch 
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bnrstiDg  pressure;  with  6  for  the  Factor  of  safety  (78)  we 
obtain  607  -r-  6  =  say  100  lbs.  per  square  inch,  safe  or  working 
pressure.     From  this  we  have  the  general  rules : — 

(58.)  For  welded  boilers :  P  =  58200  x  <  -f-  ^. 

(59.)  „        „  „         p  =9700  xt-^d. 

In  which  t  =  thickness  of  plate  in  inches ;  d  =  inside  diameter 
in  inches ;  P  =  the  bursting  pressure,  and  p  =  the  safe  working 
pressure  in  lbs.  per  square  inch :  thus  for  the  24:-inch  boiler 
we  have  considered,  the  rule  gives  9700  x  i  -:-  24  =  101,  say 
100  lbs.  per  square  inch  working  pressure,  as  before. 

(60.)  ** Steam-hoilera with  BiKeted  Joints" — Staflfordshire  plates 
are  now  so  extensively  used  for  boUers,  that  it  will  be  expedient 
to  take  them  as  a  basis  for  general  rules,  although,  as  shown  by 
Table  5,  their  strength  is  inferior  to  the  mean  of  British  plate- 
iron,  and  still  more  inferior  to  Yorkshire  iron. 

We  have  shown  in  (44)  that  the  pitch  of  rivets,  and  thereby 
the  general  proportions  of  joints  in  steam-boilers,  is  governed 
by  the  pressure  of  steam  as  affecting  the  tendency  to  leakage, 
irrespective  of  strength  to  resist  bursting. 

(61.)  For  the  purpose  of  fixing  general  proportions,  we  may 
take  as  a  "  standard  "  case  the  working  pressure  of  50  lbs.  per 
square  inch,  the  proportions  due  to  which  will  suffice  for  all 
lower  pressures ;  and  also  with  sufficient  accuracy  for  practical 
pur2)oscs  uj)  to  say  70  or  80  lbs.  per  square  inch.  The  propor- 
tions for  higher  pressures  should  be  found  by  special  calcula- 
tion (68)  (76). 

We  have  first  to  find  the  space  between  rivet-holes  with 
the  difterent  thicknesses  of  plate  for  50-lb.  steam  by  Table 
13 ;  taking  the  nearest  pressures  in  that  Table  we  obtain 
col.  6  in  Table  14.  Thus,  for  jj-inch  plate  we  have  for  50-lb. 
steam  the  space  =  lf\  ;  Table  14  gives  ]  J  rivets,  as  in  col.  3  ; 
hence  the  pitch  =  li*V4-|J  =  2  inches,  col.  4;  the  ratio  of 
the  metal  between  holes  to  the  solid  part  of  the  plate  =  l^V  -~ 
2,  or  21  -^  32  =  •  656,  as  in  col.  7,  The  apparent  strength  in 
single-riveted  joints  of  Staftbrdshire  plates  being  34,110  lbs.  per 
square  inch  by  col.  7  of  Table  5,  that  on  the  solid  part  of  tho 
plate  =  34110  x  '656  =  22380  lbs.,  as  in  col.  8  of  Table  14. 
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With  double-riveted  joints,  the  apparent  strength  of  metal 
between  rivet-holes  =  41,800  lbs.  by  col.  7  of  Table  5,  henoe 
the  strain  on  the  solid  part  of  the  plate  =  41800  x  '656  = 
27420   lbs.  per  square   inch ;  ool.   9.      Calculating    in    this 
manner,  we  have  obtained  the  general  proportions  in  Table  14. 

(62.)  The  mean  strain  on  the  solid  part  of  the  plate,  when 
the  metal  between  the  rivet-holes  is  breaking,  is  with  single- 
riveted  joints  22,380  lbs.,  or  say  10  tons,  as  in  col.  8,  and  for 
double-riveted  joints  =  27,420  lbs. :  col.  9. 

"  General  Bules,** — We  may  now  apply  these  results  to 
practice,  and  may  take  for  illustration  a  48-inch  boiler  with 
f-inch  plate,  and  for  the  purposes  of  calculation  say  1  inch 
long.  Now  as  we  have  |  X  1  inch  at  each  aide,  this  is  evidently 
equal  to  f  square  inch  area  of  metal  taken  through  the  solid 
part  of  the  plate,  the  reduced  resistance  of  which  in  a  single- 
riveted  joint  =  22400  X  |  =  16800  lbs :  this  is  the  total  strain 
on  the  whole  surface  with  which  the  boiler  would  burst, 
which  being  spread  over  the  diameter  (56),  or  48  inches,  gives 
16800 -r- 48  =  350  lbs.  per  square  inch  bursting  pressure. 
Hence  wo  have  the  rules : — 

(63.)        For  single-riveted  joints :  P  =  44800  xt-r-d. 

(64.)  „  „  „         1>  =  7466  xt-^d. 

In  which  t  =  the  thickness  of  plate  in  inches ;  d  =  inside 
diameter  in  inches ;  P  =  the  bursting  pressure,  and  p  =  the 
safe  working  pressure  in  lbs.  per  square  inch : — thus  in  our 
case,  P  =  44800  x  f  -^  48  =  350  lbs.  per  square  inch  as 
before. 

With  double-riveted  joints,  the  mean  reduced  strain  on  the 
solid  part  of  the  plate  =  27,420  lbs.  per  square  inch,  col.  9  of 
Table  14,  or  in  our  case  27420  x  |  =  20565  lbs.  total  bursting 
pressure   on  a  circle   48   inches  diameter,   or   20565  -7-  48  = 
428  lbs.  per  square  inch  :  hence  wo  have  the  rules  : — 

(65.)         For  double-riveted  joints  :  P  =  54840  xt-^d, 

(66.)  „  „  „        p  =  9U0xt-^d, 

Thus  in  our  case,  P  =  54840  X  §  -r  48  =  428  lbs.  per  square 
inch  bursting  pressure. 
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(67.)  By  these  rules,  Table  15  has  been  calcolated  for  the 
bursting  and  safe  working  pressures :  the  former  will  enable 
the  engineer  to  select  a  factor  of  safety  to  suit  his  case  and  to 
satisfy  his  judgment.  For  ordinary  cases  and  moderate  pres- 
sures Factor  6  should  be  used  as  in  Table  15 ;  but  for  very 
high  pressures  that  factor  would  lead  to  excessive  and  almost 
impracticable  thicknesses,  and  it  becomes  necessary  to  use  a 
lower  one,  the  risk  being  of  course  proportionally  increased  (78). 

(68.)  "  Boilers  for  very  high  Pressures" — Tables  14,  15  are 
strictly  adapted  for  50-lb.  steam  only,  but  may  be  used  for 
higher  pressures  up  to  say  80  lbs.  For  higher  pressures  the 
proportions  of  the  joints  should  be  specially  calculated  in  the 
manner  illustrated  in  (61). 

Say  that  we  take  the  case  of  a  boiler  27  inches  internal 
diameter,  for  300-lb.  steam,  this  being  the  working  pressure  : 
for  so  high  a  pressure  we  may  take  the  factor  of  safety  at  4 
(78).  We  will  assume  that  the  thickness  shall  be  \^  and 
double-riveted  :  then,  by  Table  13,  the  space  between  rivets  = 
lj\.  inch,  and  the  diameter  of  the  rivets  by  col.  3  of  Table  14 
=  1  j5jr  inch :  hence  the  pitch  =  l/g^  +  li\r  =  2g  ;  the  ratio  of 
the  area  of  the  punched  plato  to  that  of  the  solid  plate  = 
l^A..  -^  2  J,  or  21  -^  38  =  -553.  The  apparent  strength  of  the 
metal  between  rivet-holes  in  a  double-riveted  joint  of  Staflford- 
shiro  iron  =  41,800  lbs.  by  col.  7  of  Table  5,  hence  we  have 
41800  X  '^33  =  23115  lbs.  per  square  inch  on  the  solid  part 
of  the  plate,  and  as  wo  have  1 J  square  inch  of  metal  per  inch 
run  (or  ]}.  at  each  side)  we  obtain  23115  x  !§  =  31783  lbs. 
bursting  strain,  or  tliat  on  the  whole  of  the  internal  surface  of 
the  27-iuch  boiler,  or  31783  -^  27  =  1177  lbs.  per  square  inch ; 
then  with  Factor  4,  we  have  1177  -^  4  =  294  lbs.  safe  working 
pressiu-e  per  square  inch,  which  is  very  nearly  the  actual 
pressure  required,  or  300  lbs. 

(69.)  We  may  now  show  the  effect  of  erroneously  calculating 
this  boiler  by  the  general  Table  15,  or  rather  by  the  rule  (65) 
on  which  that  Table  is  based,  that  rule  and  table  being 
strictly  correct  for  pressures  of  about  50  lbs.  only  (61).  In  our 
case  the  rule  becomes  54840  x  }  ,V  -f-  27  =  1397  lbs.  per  square 
inch  bursting  pressure.     But  by  the  correct  calculation  (68)  wc 
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obtained  1177  lbs.  only,  the  difference  being  1397-^1177  = 
1  *  19,  or  19  per  cent. ;  this  difference  is  due  to  the  circumstance 
that  to  avoid  leakage  with  so  great  a  pressure  as  300  lbs.,  the 
pitch  of  the  rivets  was  reduced,  with  the  result  that  the  ratio  of 
the  metal  between  holes  to  the  solid  plate  became  *553  with 
300-lb.  steam,  instead  of  *  653  as  for  50-lb.  steam,  by  col.  7  of 
Table  14.  It  should  be  observed  that  both  results  are  equally 
correct  so  far  as  the  bursting  strains  only  are  concerned  ;  the 
danger  would  be,  that  the  joints  having  the  pitch  of  rivets,  <&c., 
adapted  for  50-lb.  steam  as  given  by  Table  13,  would  in  all 
probability  leak  more  or  less  with  300  lbs.,  and  in  order  to 
avoid  that  contingency  it  is  expedient  to  sacrifice  the  19  per 
cent,  of  strength  involved  in  the  case. 

(70.)  For  such  very  high  pressures  it  would  be  prudent  and 
perhaps  commercially  economical  to  use  the  best  Yorkshire  iron, 
which,  as  shown  by  (24),  has  25  *  6  per  cent,  greater  strength 
than  Staffordshire.  Say  for  our  27-inch  boiler  and  300-lb'. 
strain,  we  assume  the  thickness  of  Yorkshire  plate  at  -^^  inch, 
for  which  Table  14  gives  |-inch  rivets,  and  Table  13,  1^-inch 
space;  hence  the  pitch  =  ^  4-  li  =  2  inches;  the  ratio  of 
punched  to  solid  plate  =  1|  -^  2,  or  9  -M6  =  •  563.  The  ap- 
parent strength  of  metal  between  rivet-holes  in  double-riveted 
joints  of  Yorkshire  iron  =  52,503  lbs.  per  square  inch  by 
col.  3  of  Table  5;  hence  52503  x  '563  =  29592  lbs.  per 
square  inch  on  the  solid  part  of  the  plate,  and  as  we  have 
1^- square  inch  of  metal  per  inch  run  (namely  ^^  at  each  side), 
we  obtain  29592  X  li  =  33291  lbs.  the  bursting  strain,  or 
that  on  the  whole  of  the  internal  surface  of  the  27-inch  boiler, 
or  33291  -f-  27  =  1233  lbs.  per  square  inch.  Then  with 
Factor  4  we  have  1233  -—  4  =  308  lbs.  per  square  inch  safe 
working  pressure  :  by  substitutiug  Yorkshire  plates  for  Stafford- 
shire we  have  thus  reduced  the  thickness  from  |^  to  ^,  and  the 
weight  from  1-0  to  9  -r-  11  =  -82,  or  100  -  82  =  18  per  cent. 
The  effect  of  substituting  steel  for  wrought-iron  plate  is  shown 
by  (76). 

(71.)  ^''Longitudinal  Strain  on  Boilers" — There  are  two  dis- 
tinct strains  to  which  an  ordinary  cylindrical  boiler  is  subjected, 
one  acting  circumferentially  and  the  other  longitudinally :  the 
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former  alone  is  considered  in  the  yarions  roles  and  tables 
we  have  so  far  given;  we  have  now  to  investigate  the 
latter. 

Say  we  take  a  plain  cylindrical  boiler  with  either  hemi- 
spherical or  flat  ends,  but  without  any  internal  flue,  f  inch 
thick,  48  inches  internal,  therefore  48|^  inches  external 
diameter.  Taking  the  apparent  strength  of  single-riveted 
Staffordshire  plates  at  22,400  lbs.  per  square  inch  on  the  solid 
part  of  the  plate,  as  in  col.  8  of  Table  14  and  (62),  the  bursting 
pressure  circumferentially  =  22400  x  f  X  2  4-  48  =  850  lbs. 
per  square  inch,  or  the  same  as  given  by  Table  15. 

To  find  the  strain  on  the  two  ends  we  have  the  area  of  48|  = 
1868,  and  of  48  =  1809 ;  hence  the  area  of  the  annulns 
=  1868  —  1809  =  59  square  inches,  giving  a  total  pressure  of 
22400  X  59  =  1321600  lbs.  on  the  ends,  and  the  internal 
area  being  1809,  we  have  1321600  4- 1809  =  730  lbs.  per  square 
inch  bursting  pressure  longitudinally,  or  about  double  the 
circumferential  bursting  pressure,  which  we  found  to  be  350  lbs. 

Applying  this  reasoning  to  other  diameters  and  thicknesses, 
it  will  be  found  that  the  ratio  between  the  two  strains  is  con- 
stant for  all  sizes;  hence  when  a  boiler  is  on  the  point  of 
rupture  circumferentially  with  the  pressure  given  by  the  rules 
in  this  work,  the  longitudinal  strain  is  only  half  the  breaking 
weight  in  that  direction. 

In  an  ordinary  Cornish  boiler  with  one  or  two  internal  flues 
the  longitudinal  bursting  pressure  will  be  still  greater,  the  flues 
adding  greatly  to  the  strength. 

(72.)  It  is  shown  in  (62)  that  with  a  single-riveted  joint  the 
strain  on  the  solid  part  of  the  plate,  when  the  joint  is  breaking 
through  the  rivet-holes,  is  10  tons  only,  or  half  the  normal 
strength  of  the  iron,  so  that  half  the  strength  is  lost.  In  order 
to  avoid  this  loss,  it  has  been  proposed  to  roll  the  plates  with 
extra  thickness  at  the  edges,  as  in  Fig.  21 :  for  example,  if  the 
thickness  of  the  body  of  the  plate  at  A  is  half  tbat  at  the  edge  B, 
then  when  the  metal  between  rivet-holes  is  breaking,  the  strain 
at  A  would  become  20  tons  per  square  inch,  and  the  full 
strength  of  the  iron  would  be  utilised.  Here,  however,  a  diffi- 
culty seems  to  arise :  the  extra  thickness  at  the  edges  could  be 
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■ecnred  in  one  direction  only,  it  being  impracticable  to  roll  a 
plate  with  thick  edges  aU  round.  By  a  remarkable  coincidence, 
however,  the  longitudinal  strain  is  half  only  of  the  circum- 
ferential (71) ;  hence  only  half  the  thickness  of  plate  would  be 
required  in  that  direction.  Thus,  taking  the  example  of  the 
48-inch  boiler,  with  f  plates  in  (71),  we  found  the  bursting 
pressure  circumferentially  =  350  lbs.  per  square  inch.  Now, 
reducing  the  thickness  of  the  body  of  the  plate  to  ^^  inch,  then 
the  area  of  48g  =  1838,  and  of  48  inch  =  1809 ;  hence  the  area 
of  the  annulus  =  1838  —  1809  =  29  square  inches,  giving 
22400  X  29  =  649600  lbs.  total  pressure  or  649600  -f- 1809  = 
359  lbs.  per  square  inch  longitudinally,  being  practically  the 
same  as  the  other.  We  thus  obtain  equality  of  strength  in  both 
directions,  and  a  very  considerable  economy  of  material :  it 
would,  however,  be  inexpedient  in  most  cases  to  carry  this  out 
literally  for  practical  reasons;  a  -^  plate  would  leave  little 
margin  for  rust,  &c.;  moreover,  the  boiler  would  probably 
become  deformed  by  its  own  weight  and  that  of  the  water. 
Perhaps  \  inch  in  the  body  of  the  plate  and  f  inch  at  the 
margin  is  the  limit  safely  permissible  in  such  a  case. 

^  Chusetstays" — The  longitudinal  pressure  in  a  boiler  creates 
a  heavy  strain  on  the  ends,  and  where  those  ends  are  flat,  as 
they  usually  are  in  ordinary  Oomish  boilers,  they  require  to  be 
strengthened  by  gusset  or  other  stays.  This  is  quite  a  practical 
question,  and  may  in  most  cases  be  left  to  the  judgment  of  the 
boiler  maker. 

STEEL  BOILEBS. 

(73.)  "^Steam-boiler  Joints  for  Steel  Plates"-— To  obtain  general 
mles  for  steel  boilers  it  will  be  well  to  take  a  moderately  high 
pressure,  say  100  lbs.  per  square  inch,  which  will  serve  for  all 
lower  pressures,  and  sufficiently  wdl  for  higher  ones,  say  up  to 
150  lbs. 

Taking  |-inch  plate  for  48-inch  boiler,  the  rivets  =  |^  inch 

diameter  by  ool.  3  of  Table  14,  the  space  between  rivet-holes 

for  100-lb.  steam  =  say  1^  by  Table  13 ;  hence  the  pitch 

=:  4^  -f- 1^^  =  If  inch :  the  ratio  of  the  metal  between  holes 

to  the  soUdpart  of  the  plate  =  1^ -f- 1},  or  17 4- 28  =*607. 

E 
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Table  16.— Of  the  Pbopobtions  of  Doublb-riveted  Joints  in 
Annealed  Steel  Plates  for  Steam-boilers  with  about  100-lb. 
Steam. 
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The  apparent  strength  of  the  metal  between  rivet-holes  in  steel 
joints  =  91,840  lbs.  per  square  inch  by  (41);  hence  we  have 
91840  X  •  607  =  55747  lbs.  per  square  inch  on  the  solid  part  of 
the  plate,  and  as  we  have  f  square  inch  of  metal  per  inch  run 
(or  §  on  each  side)  we  obtain  55747  x  -J  =  41800  lbs.  on  the 
whole  area,  or  41800 -^  48  =  871  lbs.  per  square  inch  bursting 
pressure.  With  6  for  the  factor  of  safety  (78)  we  have  871  -f-  6 
=  145  lbs.  per  square  inch  working  pressure.  Calculating  in 
this  way  we  have  obtained  Table  16 :  the  mean  strain  in  ool.  7 
=  57,000  lbs.  per  square  inch.  Hence  for  double-riveted  steel 
boilers  with  annealed  plates  we  have  the  general  rules  : — 

(74.)         P=  114000  x/-^ci. 

(75.)         p  =  19000  Xt-^d. 

In  which  /  =  the  thickness  of  plate  in  inches;  d  =  inside 
diameter  in  inches;  P  =  the  bursting,  and  p  =  the  safe 
working  pressure  in  lbs.  per  square  inch.  Thus  in  our  case 
P  =  114000  X  t  -f-  48  =  890  lbs.;  and  p  =  19000  x  f  -^  48 
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=  148  lbs.  per  square  inch.  The  general  Table  17  has  been 
calculated  by  these  rules,  and  \irill  apply  for  all  ordinary  pres- 
sures, not  exceeding  say  100  to  150  lbs.  steam :  for  higher 
pressures  the  case  should  be  specially  calculated. 

(76.)  *^  Steel  Boilers  for  extreme  Pressures'* — As  an  illustra- 
tion of  an  extreme  case,  say  that  we  require  a  steam-boiler 
27  inches  diameter  for  a  working  pressure  of  450  lbs.  per  square 
inch :  we  will  assume  ^inch  plates  and  -ff  rivets  as  per  col.  2 
of  Table  16.  Then  by  Table  13  the  space  between  rivet-holes 
=  14 ;  hence  the  pitch  =  |^  -|- 14  =  1 J  inch :  the  ratio  of  the 
metal  between  rivet-holes  to  the  solid  part  of  the  plate 
=  j4  4- 1 J  or  15  -7-  28  =  •  536 ;  and  the  apparent  strength  of 
metal  between  holes  in  a  steel  joint  being  91,840  lbs.  per  square 
inch  (41),  we  have  91840  x  '536  =  49220  lbs.  per  square  inch 
on  the  solid  part  of  the  plate.  We  have  1  square  inch  of  metal 
per  inch  run  of  solid  plate  (or  ^  inch  at  each  side),  hence  we 
obtain  49220  x  1  =  49220  lbs.  on  the  whole  of  the  diameter, 
or  49220  -r  27  =  1823  lbs.  per  square  inch  bursting  pressure. 
Taking  4  for  the  value  of  the  factor  of  safety  (78),  we  have 
1823  -^  4  =  456  lbs.  per  square  inch  safe  or  working  pressure, 
or  nearly  450  lbs.,  as  required. 

Now,  if  we  had  attempted  to  solve  this  question  by  Table  16, 
which  is  strictly  adapted  for  100-lb.  steam  only,  col.  7  gives  for 
i'inch  plate  57770  -r-  (27  X  4)  =  535  lbs.  per  square  inch 
working  pressure,  instead  of  456  lbs.  Both  results,  however, 
are  equally  correct  so  far  as  the  strain  on  the  metal  is  con- 
cerned ;  but  then  the  joint  whose  pitch,  &c.,  was  adapted  for 
100-lb.  steam  would  most  likely  leak  sooner  or  later  with 
450  lbs. 

(77.)  "  Limitations** — In  applying  these  rules  and  tables  for 
very  low  pressures,  it  will  be  found  that  the  thicknesses  come 
out  much  too  light  to  satisfy  practical  considerations,  although 
undoubtedly  suf&cient  to  resist  the  internal  pressure.  For 
example,  with  a  boiler  6^  feet  or  78  inches  diameter  and  a 
pressure  of  6  lbs.  per  square  inch,  the  rule  (64)  gives  a  thickness 
of  6  X  78  -r-  7466  =  •  0626,  or  ^  inch  only,  which  obviously  is 
excessively  too  light ;  in  fact,  if  it  were  possible  to  construct  the 
boiler  with  that  thickness  it  would  not  be  able  to  sustain  its 
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own  weight  and  that  of  the  water  contained  by  it.  The  rules 
have,  therefore,  certain  limitations:  in  the  first  place,  we 
shonld  not  nsually  make  nse  of  plates  less  than  -^^  inch  thick 
for  steam-boiler  work,  whatever  the  pressure  or  diameter ;  and, 
secondly,  with  thicknesses  of 

A  i  A  i  T^  inches 

the  diameters  should  not  in  ordinary  cases  exceed 

4  5  6  7  8  feet, 

the  corresponding  working  pressures  being 

29  81  82  33  84  lbs. 

per  square  inch,  as  per  Table  15,  which  is  carried  out  in  accord- 
ance with  these  limitations.  Thus  for  our  6^-foot  boiler  the 
thickness  would  be  between  ^  and  f  inch ;  ^  would  suffice 
for  such  a  case,  and  this,  it  should  be  observed,  is  five  times  the 
theoretical  thickness  necessary  for  the  pressure. 

(78.)  "  Factor  of  Safety  for  ^otZer«."— It  is  shown  in  (886) 
that  with  ordinary  structures  of  wrought  iron  and  steel  the 
&ctor  of  safety  for  dead  loads  may  be  3,  and  there  appears  to 
be  no  good  reason  why  that  &ctor  should  not  suffice  for  new 
boilers  constructed  on  sound  principles.  But  boilers  are  subject 
to  great  deterioration  from  corrosion,  &c.,  and  for  that  reason, 
perhaps,  the  factor  used  by  Mr.  Fairbaim  and  most  practical 
men  is  6,  and  this  value  is  admitted  in  Table  15,  &c.,  and  should 
be  followed  for  ordinary  cases  and  moderate  pressures  of  steam. 
But  with  Factor  6  the  thicknesses  for  very  high  pressures  come 
out  excessive  and  almost  impracticable,  and  engineers  have  been 
compelled  to  use  a  lower  factor,  and  they  do  so  apparently  with 
safety.  Thus  the  L.  &N.  W.  Bail  way  Go.  at  their  Crewe  works 
nse  best  Yorkshire  plates  ^  inch  thick  for  4-foot  locomotive 
boilers,  with  single-riveted  joints,  f  rivets,  If  pitch,  therefore 
1  inch  between  rivets.  By  Mr.  Fairbaim's  experiments  in 
ooL  3  of  Table  5,  Torksldre  plates  in  single-riveted  joints 
break  with  42,847  lbs.  per  square  inch  of  metal  between  rivet- 
holes  ;  hence  we  have  42847  X  M  X  1  -r- 1 J  =  9946  lbs.  per 
inch  run  of  joint,  or  19,892  lbs.  on  the  two  sides.  With  a 
boiler  48  inches  diameter  we  have  19892  -r-  48  =  414  lbs.  per 
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square  inch  bursting  pressure  of  steam,  and  the  ordinary  working 
pressure  being  120  lbs.,  the  factor  is  414  -r  120  =  3*45  :  occa- 
sionally the  pressure  is  150  lbs.,  or  even  more,  and  the  fjEbctor 
becomes  414 -7- 150  =  2-76. 

From  all  this  we  may  admit  that  in  ordinary  cases  the  factor 
should  be  6,  but  for  exceptional  cases  it  may  be  4,  as  in  (68), 
&c.,  or  even  3  with  comparatively  new  and  soxmd  boilers :  but 
this  is  a  matter  which  must  be  left  to  the  judgment  of  the 
engineer. 

8TBBN6TH   OF   THICK   PIPES. 

(79.)  The  strength  of  a  pipe  in  resisting  internal  pressure  is 
not  simply  proportional  to  the  thickness  of  the  metal;  the 
material  stretches  xmder  a  tensile  strain,  the  result  being  that 
the  metal  inside  is  more  strained  than  that  outside,  and  that  thick 
pipes  are  weaker  in  proportion  to  their  thickness  than  thin 
ones. 

To  illustrate  this,  let  Fig.  22  be  a  10-inch  pipe,  5  inches  thick, 
therefore  20  inches  outside,  and  let  an  internal  pressure  be 
exerted  until  the  insido  diameter  becomes  10]^  inches:  now  if 
the  metal  at  A  were  strained  in  the  same  proportion  as  at  B,  it 
would  be  extended  or  stretched  in  the  same  proportion,  and  the 
outside  diameter  would  become  20^  inches.  But  obviously  the 
cross-sectional  area  must  bo  the  same  in  all  cases,  20  inches 
being  =  314' 16,  and  10  inches  =  78*54,  the  area  of  the 
annulus  must  be  314-16  —  78-54  =  235-62  square  inches, 
therefore  the  outside  diameter  in  Fig.  23  will  be  found  by 
adding  the  area  of  10^,  or  80-516  to  235  •  62,  and  we  thus  obtain 
80-516  +  235-62  =  316-136,  the  diameter  due  to  which 
=  20^^j  inches  instead  of  20 J  inches,  and  if  we  admit  that  the 
strains  are  proportional  to  the  extensions,  the  metal  at  A  is 
strained  to  ^  only  of  that  at  B :  for  instance,  if  the  strain  at 
A  =  4  tons  per  square  inch,  that  at  B  will  be  1  ton  only,  and 
between  A  and  B  we  have  an  infinite  series  of  strains  progres- 
sively diminishing  from  4  to  1  ton  per  square  inch. 

(80.)  It  will  now  be  seen  that  the  strain  is  inversely  pro- 
portional to  the  square  of  the  distance  from  the  centre :  in  our 
case  the  strain  at  B  being  4,  that  at  A  will  be  4  x  5*  -t-  10* 
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s  1  ton,  &0.  Let  Fig.  24  be  the  section  of  a  10-inch  pipe  with 
varions  thicknesses  np  to  10  inches :  we  will  assume  that  the 
strain  at  C,  where  it  is  a  maximum,  is  7  tons  per  square  inch,  this 
being  nearly  the  breaking  weight  for  ordinary  cast  iron  (4),  the 
extension  due  to  which  by  rule  (605)  is : — 

E  =  (-00015  X  7)  +  (-0000122  x  7«)  =  -0016487. 

This  being  at  5  inches  from  the  centre,  that  at  D,  or  6  inches, 
wiU  be  -0016487  x  5*  -r  6*  =  -001144,  the  strain  due  to  which 
by  the  rule  (606)  becomes : — 

per  square  inch,  as  per  col.  3  of  Table  18  ;  hence  the  mean  strain 
on  the  ring  A  is  (7  +  5-32)  -^  2  =  6-16  tons  as  in  col.  4,  and 
as  we  have  2  square  inches  of  metal  per  inch  run  (namely  1  inch 
at  each  side)  we  obtain  6-16  x  2  =  12-32  ton  bursting  pressure 
on  the  whole  diameter,  or  12  -  32  -^  10  =  1  *  232  ton  per  square 
inch  as  in  col.  5.  Calculating  in  this  way  we  obtain  the  strains 
and  pressures  in  cols.  4,  5  of  Table  18 :  thus  for  10-inch  pipes, 
5  inches  thick,  the  mean  strain  throughout  the  section  becomes 

^6-16  +  4-75  +  3-775  +  3-07  +  2-54W 5  =  4-059  tons 

per  square  inch  of  metal  as  in  col.  4.  Then  as  we  have  10  square 
inches  of  metal  per  inch  run  (or  5  inches  at  each  side)  we  have 
4  -  059  X  10  =  40  -  59  tons  on  the  whole  diameter,  or  40  -  59  -^  10 
=  4*059  tons  internal  pressure  per  square  inch,  coL  5.  If  the 
whole  cross-sectional  area  had  yielded  the  maximum  strain  of 
7  tons  per  square  inch,  we  should  have  had  7  x  10  =  70  tons 
on  the  whole  diameter,  or  70  -7-  10  =  7  tons  pressure  per  square 
inch  instead  of  4  -  059  as  per  col.  5. 

We  should  obtain  nearly  the  same  results  by  the  following 

roles: — 

„  _  S  X  (R*  -  r') 


(81.) 


R«  +  r^ 


(82.)  S=^i<^^+l!). 


56  THICK  PIPES.      HYDBAULIO  PBESSSS. 

In  which  p  =  the  internal  pressnre  per  square  inch  in  ton% 

lbs.,  <&c.,  dependent  on  the  valne  of  8. 
S  =  the  Tnaxinrnm   tensile   strain,  or  that  at  the 
inside  of  the  pipe,  in  tons,  lbs.,  <&c.,  per 
square  inch. 
E  =  the  external,  and  r  =  the  internal  radios  of  the 
pipe  in  inches. 

Thus  for  example,  with  a  10-inch  pipe  5  inches  thick,  B  =  10, 
and  r  =  5  inches :  taking  8  =  7  tons,  which  is  nearly  the  ulti- 
mate or  breaking  tensile  strength  of  ordinary  cast  iron,  we  get 

P  =  ^o»"T5^  =  ^'^  *"'"  ^'  "^"^  ^**=  calculating 
in  this  way  we  obtain  col.  6  of  Table  18. 

Again :  say  that  with  a  cylinder  12  inches  bore,  5  inches  thick, 
and  an  internal  pressure  of  2  tons  per  square  inch,  we  require 
the  maximum  strain  on  the  metal  or  that  at  the  inside  of  the 
cylinder.       Then    E    being    11,  r  =  6,  rule    (82)    becomes 

S  = :r|.^ -  =  3*7  tons  per  square  inch  of  metal. 

(83.)  The  ordinary  proportions  adopted  almost  universally  by 
practical  engineers  for  hydraulic-press  cylinders,  is  to  make  the 
thickness  equal  to  the  internal  radius,  and  it  is  supposed  that 
those  proportions  will  allow  a  working  pressure  of  4  tons  per 
square  inch,  or  say  3  tons  per  circular  inch.  But  Table  18  shows 
by  cols.  6  or  6,  that  with  ordinary  cast  iron  these  are  really 
bursting  pressures.  It  is  shown  in  (883)  that  cast  iron  will 
sustain  for  years  a  strain  very  nearly  equal  to  the  breaking 
weight,  but  it  is  not  safe  to  trust  to  that  fact,  and  in  most  cases 
the  working  pressure  should  not  exceed  say  half  the  ultimate 
pressure,  or  in  our  case  2  tons  per  square  inch  with  ordinary 
iron.  Many  presses,  however,  may  be  found  which  seem  to  bear 
much  heavier  pressures  than  that  as  shown  by  the  safety-valve, 
but  as  usually  constructed  a  safety-valve  is  a  very  unreliable 
indicator  of  pressure,  the  breadth  of  the  conical  seat  being  great, 
and  the  acting  or  effective  area  uncertain.  A  better  form  is  shown 
by  Fig.  202 :  the  valve  V  is  of  hardened  steel  formed  like  a 
hollow  punch,  the  cutting  edge  imbeds  itself  in  the  hard  gun- 
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metal  seat  and  forms  it  own  bed,  giving  a  precise  area,  and 
thereby  a  certain  pressure.  Thus  for  f  inch  diameter,  the  area 
=  •  11  inch,  requiring  for  say  1  ton  per  square  inch  2240  X  *  H 
=  246  lbs.  strain,  and  with  a  leverage  of  say  20  to  1,  we  have 
246  -T-  20  =  12  •  3  lbs.  weight  on  the  lever  per  ton  pressure. 
The  knife-edges  at  A  and  B,  also  the  key  E  must  be  of  hardened 
steel,  and  in  order  to  adjust  the  level  of  the  lever  and  com- 
pensate for  wear  (which  is  a  practical  necessity)  the  upper  edge 
of  the  key  should  be  wedge-shaped,  and  at  an  angle  adapted  to 
its  seat  in  the  slotted  recess  prepared  for  it. 

(84.)  The  actual  load  on  the  ram  of  a  hydraulic  press  is  not 
often  known  with  accuracy,  but  in  the  presses  used  for  raising 
the  Conway  and  Britannia  bridges  we  have  more  precise  in- 
formation. For  the  Conway  tube,  a  ram  18|  inches  diameter, 
or  265  square  inches  area,  was  used  at  each  end;  the  gross 
weight  of  the  tube,  &c.,  was  about  1300  tons,  or  650  tons  at  each 
end :  hence  we  have  650  -^  265  =  2  *  45  tons  per  square  incL 
The  cylinder  was  20  inches  diameter  internally,  and  10  inches 
thick :     henco    K  =  20,   r  =  10,   and    the    rule    (82)    gives 

^       2-45  X  (20^4-  10')       ,  ^Q,        ^      -T      .    • 

S  =  ^^ — -—■ =4-08  tons  tensile  stram  per  square 

20'  -  10-  r       ^ 

inch  of  metal ;  this  being  the  maximum  strain,  or  that  at  the 

inside  of  the  cylinder  (80). 

(85.)  With  the  Britannia  tube,  the  two  Conway  presses  were 

used  at  one  end  and  a  large  one  with  20-inch  ram  at  the  other. 

The  gross  weight  of  the  tube,  &c.,  was  about  1640  tons,  or  820 

tons  at  each  end:    then  the  20-inch  ram  being   314   square 

inches  area,  we  have   820-^314  =  2*61   tons  pressure   per 

square  inch.     The  cylinder  was  22  inches  internal  diameter  and 

11  inches  thick,  henco  K  =  22,  and  r  =  11,  and  rule  (82)  gives 

Q       2-61  X  (22^  4- IP)       ,   o.  ,  .  .      -1      ^    • 

S  = ^7r„ — 7,-, =  4*35  tons  maxmium  tensile  strain 

22-*  —  11*^ 

per  square  inch  of  metal. 

It  is  probable  that  this  pressure,  2*61,  and  strain  4*35  tons 

per  square  inch,  were  very  nearly  the  breaking  weights,  indeed 

one  cylinder  failed  by  the  bottom  blowing  off,  which  would  have 

led  to  most  disastrous  results,  but  for  the  wise  precaution  taken 

of  blocking  up  the  tube  inch  by  inch  as  it  was  raised  by  the 
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press.  It  would  appear  from  this,  that  the  tensile  strength  of 
cast  iron  in  great  masses  10  and  11  inches  thick  is  much  below 
the  normal  strength,  or  that  for  small  thicknesses,  namely,  7  tons 
per  square  inch. 

(86.)  ''Tensile  Strength  of  Thick  Ccw^  Iron."— Experiments  have 
shown  (933)  that  the  specific  transverse  strength  of  cast  iron  is 
not  the  same  for  castings  of  all  sizes,  but  that  large  castings, 
or  rather  castings  with  great  thicknesses,  are  specifically  weaker 
than  small  ones,  so  that  bars  1  inch,  2  inch,  and  3  inch  square 
have  specific  transverse  strengths  in  the  ratio  I'O,  0*7184, 
0*6196,  and  may  be  found  approximately  by  the  rule  (934)  or 
B  =  1  -f-  *;y  <.  How  far  the  tensile  strength  of  cast  iron  is 
aJQfected  by  the  thickness  of  the  casting  is  not  known  experi- 
mentally, but  admitting  the  same  law  as  for  transverse  strength 
we  obtain  the  ratios  given  by  col.  7  of  Table  18,  from  which  we 
obtain  col.  8,  also  col.  9  from  col.  5 :  thus  for  5  inches  thick, 
we  get  4*059  x '497  =  2*017  tons  bursting  pressure  per 
square  inch,  &c. 

(87.)  By  repeated  re-melting  the  tensile  strength  of  cast  iron 
may  be  greatly  increased  as  shown  in  (5),  where  metal  of  the 
fourth  melting  (pig  iron  being  the  first)  gave  as  much  as  18  *  26 
tons  per  square  inch  in  small  thicknesses ;  applying  to  this  iron 
the  ratio  in  col.  7  we  obtain  the  tensile  strengths  in  col.  10,  and 
finally  from  col.  5  the  bursting  pressures  in  col.  11.  Thus  for 
6  inches  thick  we  have  4*059  x  18*26 -r  7  x  '497  =  5*265 
tons,  &o.  But  we  have  seen  (7)  that  there  is  great  imcer- 
tainty  in  this  method  of  increasing  the  strength  of  cast  iron ; 
the  safest  course  where  heavy  pressures  are  required,  is  to  test 
the  iron  selected  by  direct  experiments  on  its  tensile  strength. 

(88.)  Table  18  seems  to  show  by  cols.  9  and  11,  that  there  is 
no  sensible  advantage  from  great  thicknesses  of  metal,  the 
pressure  remaining  practically  constant  with  all  thicknesses  from 
5  to  10  inches,  &c.  Of  course  this  rests  on  the  assumption  that 
the  tensile  strength  follows  the  ratio  in  col.  7,  but  as  that  is 
derived  from  limited  experiments  on  transverse  strength,  where 
^e  thickness  did  not  exceed  3  inches,  the  results  are  not 
absolutely  reliable,  but  are  the  best  we  can  give  in  the  present 
state  of  our  knowledge. 
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The  great  uncertainty  as  to  the  important  data  connected  with 
this  subject,  should  lead  to  the  adoption  of  large  diameters  per- 
mitting low  values  for  the  strain  S  and  pressure  p.  For 
example,  in  the  case  of  the  Britannia  press,  say  that  the  ram 
shall  be  30  inches  diameter  =  707  square  inches  area,  giving 
820  -=-  707  =  1  •  16  ton  pressure  per  square  inch.  The  cylinder 
might  be  32  inches  internal  diameter,  and  say  5  inches  thick, 
therefore  R  =  21  and  r  =  16 ;  for  strong  iron  of  the  fourth 
melting  5  inches  thick  S  =  9*08  tons  by  coL  10  of  Table  18: 

1     /01X   1.  9-08  X  (2P-  16*)       „   .   . 

then  rule  (81)  becomes  p  = ^,/.   ^^^ =  2*4  tons 

3fil  4"  lo 

bursting  pressure  per  square  inch,  or  double  the  working 
pressure,  1*16  ton;  thus  leaving  a  fiAir  margin  for  con- 
tingencies. 

(89.)  Another  advantage  of  these  proportions  would  be  that 
the  weight  of  the  cylinder  is  reduced  nearly  to  half,  despite 
the  increase  in  diameter ;  thus  with  the  original  sizes,  22  inches 
diameter  =  380  area,  and  44  inches  =  1520  area,  hence 
1520  —  380  =  1140  square  inches,  the  area  of  the  annulus. 
With  the  enlarged  cylinder,  32  inches  diameter  =  804  area,  and 
42  =  1385  area,  hence  the  annulus  =  1385  —  804  =  581  square 
inches,  or  about  half. 

(90.)  "  Cylinders  Hooped  with  Wrou/^ht  Iron." — When  large 
diameters  are  inadmissible  and  heavy  pressures  a  necessity,  the 
best  course  is  to  abandon  dependence  on  the  strength  of  cast 
iron  altogether,  and  to  rely  on  wrought-iron  hoops  shrunk  hot, 
on  a  comparatively  thin  cast-iron  shell,  as  in  Fig.  25.  In  that 
case,  the  east-iron  cylinder  may  be  regarded  as  a  padding 
adding  nothing  to  the  strength  of  the  combination,  because  when 
the  hoops  are  shrunk  on  they  exert  a  powerful  compressive  strain 
on  the  cylinder,  which  will  be  partially  or  perhaps  wholly 
relieved  when  the  internal  pressure  comes  on :  if  wholly 
relieved  the  cylinder  will  be  simply  restored  to  its  primitive 
state,  being  unstrained  either  way.  It  is  rather  difficult  to 
calculate  the  strength  under  these  conditions ;  if  we  take  it  as 
a  wrought-iron  cylinder  26  inches  diameter,  5  inches  thick,  we 
have  R  =  18,  r  =  13,  and  the  ultimate  strength  of  wrought 
bar-iron  or  S  being  about  25  tons  per  square  inch  by  Table  1, 
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25  X  Q8'  —  13'^ 
the  rule  (81)  becomefl  p  = 18«  4.  iq« —   ~  "^"^^  ^^^  P®' 

square  inch  bnrstmg  pressure.  But  we  have  here  taken  the 
pressure  as  acting  on  26  inches  diameter,  whereas  it  really  acts 
on  22  inches  only :  hence  7*86  x  26  -^  22  =  9*3  tons  per 
square  inch.  As  applied  to  the  Britannia  tube,  where  the  actual 
pressure  due  to  the  weight  of  the  tube  was  2*61  tons  as  shown 
by  (85),  we  have  9*3  -f-  2*61  =  3*5  as  the  "factor  of  safety." 

It  is  shown  in  (625)  that  whatever  the  initial  strain  on 
wrought  iron  may  be,  the  permanent  working  load  with  a  fixed 
length  cannot  exceed  8  or  9  tons  per  square  inch :  in  our  case  it 
is  25  X  2-61  -f-  9*3  =  7  tons  only. 

(91.)  Care  must  be  taken  that  the  longitudinal  pressure  does 
not  blow  the  bottom  out :  the  area  of  26  =  531,  and  of  22 
=  380,  hence  of  the  annulus  531  —  380  =  151  square  inches, 
giving  with  7  tons  per  square  inch  of  metal,  151  x  7  =  1057 
tons,  or  1057  -r-  380  =  2  *  78  tons  per  square  inch  bursting 
pressure,  or  about  ^  only  of  9  *  3  tons  the  bursting  pressure 
circumferentially.  This  difficulty  is  easily  overcome  by  the 
construction  shown  by  Fig.  25;  the  bottom  of  the  cylinder, 
supported  all  over  by  the  sole  plate  of  the  press,  B,  is  entirely 
relieved  of  the  bursting  pressure. 

(92.)  "  Wrought-^ron  Press-pipe," — ^Wrought-iron  drawn  tubes 
are  commonly  used  for  hydraulic-press  work,  <&c.,  where  the 
preesures  are  very  heavy ;  the  ordinary  sizes  are  1  inch  diameter 
outside,  j^inch  bore,  therefore  ^  inch  thick.  A  series  of  experi- 
ments was  made  on  pipes  of  this  kind  with  a  pressure  of  3  tons 
per  circular  inch,  or  3  -7-  '7854  =  3*82  tons  per  square  inch  ; 
the  pressure  was  obtained  by  a  steel  plunger  1  inch  diameter, 
loaded  with  3  tons  of  direct  weights ;  there  was  therefore  no  un- 
certainty as  to  the  real  pressure.  The  result  was  that  nearly 
all  the  pipes  tested  in  this  way  bore  the  strain  satisfactorily,  the 
faulty  ones  alone  failing.  The  maximum  strain  on  the  metal 
by  the  rule  (82),  with  B  =  ^  inch,  and  r  =  ^  inch,  becomes 

^       3*82  X(i"  +  1*)      .  o^  .  •    v      1,-T,  • 

8  = Taxi —      ~  "'^'   ^^^  P®'  square  inch,  which  is 

about  ^  only  of  25  *  7  tons,  the  mean  tensile  strength  of  wrought 
iron  by  Table  1,  &c 
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Other  experiments  were  made  on  lighter  pipes  of  the  same 
kind  1  inch  external  and  f  inch  internal  diameter;  most  of 
these  failed  at  once  under  the  pressure  of  8  *  82  tons  per  square 
inch.      In  this  case,  E  =  ^  inch,  r  =  ^  inch,  and  rule  (82) 

.        Q      8-82  X  (^*+ A*)       Q  T  ♦  •    I,    ^ 

gives  S  = 12        fl  a  =  °*'   ^^^  P®^  square  inch  of 

metal,  if  the  pressure  had  been  borne,  which  it  was  not.  We 
may  take  the  ultimate  or  breaking  tensile  strain  of  wrought  iron 
in  drawn  tubes  at  7  tons  per  square  inch,  which  is  7  -7-  25*7 
=  '27  or  27  per  cent,  only  of  the  strength  of  ordinary  bar 
iron. 

(93.)  "  Wrought-iron  Oas-pipe.^^ — Ordinary  drawn  wrought- 
iron  gas  tubing  is  also  extensively  used  for  steam-pipes,  water- 
mains,  &c.,  where  the  pressure  is  considerable  and  a  knowledge 
of  its  strength  becomes  important.  Taking  2-inch  pipe  as  an 
example,  the  thickness  would  be  about  j\  inch :  hence  B  =  1  A, 
r  =  1  inch,  and  taking  S  =  7  tons  or  15,680  lbs.  per  square 

inch   of    metal,    rule    (81)    gives   p  = ^-^  S^^^ / 

=  2GG7  lbs.  per  square  inch  burstiug  pressure  for  constant 
steady  load  equivalent  by  (909)  to  26G7  x  |  =  1780  lbs.  for 
intermittent  load. 

The  proper  value  of  the  "  factor  of  safety "  will  depend  on 
circumstances,  and  must  be  fixed  with  judgment ;  for  a  water- 
pipe  whore  the  pressure  is  not  only  intermittent  but  where  the 
sudden  closing  of  a  cock  may  create  heavy  shocks,  whose  effect 
cannot  be  calculated,  but  must  be  provided  for  by  the  use  of  a 
high  factor,  we  may  take  it  at  15,  giving  in  our  case  2667  -4-  15 
=  178  lbs.  per  square  inch,  or  178  x  2*  3  =  410  feet  of  water, 
safe  working  pressure. 

(94.)  "  Lead  Pijie'* — Mr.  Jardine  made  two  experiments  on 
ordinary  drawn  lead  pipes,  the  pressure  being  obtained  by  a 
force  pump.  One  pipe  1^  inch  internal  diameter,  \  inch  thick, 
bore  without  apparent  alteration  a  head  of  1000  feet  of  water  ; 
with  1200  feet  it  began  to  swell,  and  with  1400  feet,  or 
1400  -^  2*3  =  606  lbs.  pressure  per  square  inch,  it  burst.  Wo 
may  find  from  this  the  maximum  breaking  strain  on  the  metal 
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by  the  rule  (82),    which  with  R  =  "95,  r  =  '76,  becomes 

g       606  X  ('9b'  +  '75')      _,,  ,,  .    , 

S  =  r95«  _  .75» =  2611  lbs.  per  square  inch. 

In  the  other  experiment,  the  pipe  2  inches  internal  diameter, 
i  inch  thick,  bore  without  alteration  800  feet  of  water,  and 
burst  with  1000  feet,  or  1000  -^  2*3  =  435  lbs.  pressure  per 
square  inch ;    then  E  being  =  1 '  2   and    r  =  1,  we    obtain 

^      435  X  (1-2' +  1')      0A10  1K.  '    I.    4^      .1 

8  = T-^ r, '  =  2412  lbs.  per  square  inch  of  metaL 

The  mean  of  the  two,  or  2510  lbs.,  may  be  taken  as  a  basis 
for  the  strength  of  lead  pipes  of  all  sizes.  Table  19  gives  the 
thickness,  weights,  and  safe  pressures  for  standard  sizes  of  lead 
pipes ;  they  are  commonly  rated  by  the  weight  per  15-foot  length 
np  to  1  inch  diameter,  and  per  12- foot  length  for  larger  sizes. 

The  weight  per  foot  being  given,  the  thickness  may  be 
calculated  by  finding  the  external  diameter  by  the  rule : — 

(95.)  (D2-(l^)  =  W^3-86. 

In  which  D  =  the  external,  and  d  =  the  internal  diameter  in 
inches,  W  =  the  weight  per  foot  run  in  lbs.  Thus,  say  wo  take 
|-inch  pipe,  32  lbs.  per  15  feet,  therefore  2'  133  lbs.  per  foot : 
then  2-133 -i- 3-86  =  -5503,  which  is  D^  -  d«;  then  -5503 
+  I*  or  -5503  +  -5625  =  1-1128,  the  square  root  of  which 
or  1-055  =  d;  hence  the  thickness  =  (1*055  —  '75)  -^  2 
=  •  1525  inch,  as  per  col.  2  of  Table  19. 

Having  thus  found  the  thickness,  and  thereby  B,  the  bursting 
pressure  will  be  given  by  the  rule : — 

In  which  pw  =  the  bursting  pressure  in  feet  of  water,  and  the 
rest  as  in  (82) :  thus  with  the  |-inch  pipe,  •  1525  inch  thick  as  in 
(95)  r=  -375,  R  =  -875  +  -1525  =  •  5275,  and  the  rule  gives 

5800  X  ('5275'-  -375^)      5800  x  ('2782-  -1406) 
^  ■"  •  5275«  +  •  375«         ^''  -  2782  +  •  1406         * 

or Y-r^is =  1906  feet 

•4188 

of  water,  as  in  ooL  5  of  Table  19,  &c. 
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To  find  tbe  Bafe  working  presBnTo  we  liavo  to  detonnitie  ttic 
Tolne  of  the  factor  (if  i-iifi.ty  |>^nii),  which  requirescaro  aod  judg- 
ment; Table  137  shows  that  for  load  with  a  perfectly  dead 
preeaare,  the  safe  load  may  be  ^  of  the  bnrBtiiig,  or  the  factor 
=  3,  but  this  is  seldom  Hie  case  in  practice ;  by  the  sadden  closing 
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of  a  cock,  &C.,  heavy  shocks  are  common,  producing  the  well- 
known  knocking  sound,  moreover  the  pressure  is  frequently 
intermittent  as  in  all  the  lead  service-pipes  of  a  town  supplied  on 
the  ordinary  system.  When  a  hall-cock  is  used,  which  shuts  off 
the  water  gradually,  the  strain  may  he  taken  as  an  intermittent 
dead  load,  for  which  hy  col.  2  of  Tahle  141,  the  ratio  is  ^  of 
the  equivalent  constant  dead  load.  Taking  the  factor  of  safety 
at  3,  we  ohtain  ^  -r  3  =  ^  of  the  dead  pressure,  as  the  inter- 
mittent working  pressure.  But  where  the  pipe  is  of  considerahle 
length,  and  is  subjected  to  heavy  shocks  from  the  sudden  closing 
of  a  cock,  the  strain  becomes  an  intermittent  dynamic  one,  for 
which  col.  3  gives  the  ratio  =  ^,  or  with  factor  3,  ^  -f-  3  =  yV 
of  the  ultimate  dead  load.  Taking  these  values  (^  and  -^)  for 
the  sake  of  round  numbers,  at  ^q-  and  ^^  respectively  and 
applying  them  to  col.  5  of  Table  19,  we  obtain  cols.  6  and  7, 
&c. 

ORDINABT   WATEB   AND  OAS   PIPES:   OAST   IBON. 

(97.)  With  very  low  pressures,  such  as  for  gas  and  low-service 
water-pipes,  the  rules  we  have  given  will  not  apply  without 
correction.  The  first  question  is  to  determine  the  minimum 
thickness  with  which  it  is  practicable  to  cast  them ;  here  we 
have  nothing  but  experience  to  guide  us,  and  from  that  we  obtain 
the  empirical  rule : — 

(98.)  /  =  ^+.15. 

In  which  d  =  diameter  of  the  pipe  in  inches,  and  /  =  the 
thickness  when  the  pressure  is  practically  nothing ;  thus  for  a 

V9 
9-inch  pipe  <  =  -y^  +  •  15  =  •  45  inch ;  col.  3  of  Table  20  has 

been  calculated  by  this  rule,  and  will  apply  for  gas  and  low 
pressures  in  water  say  up  to  50  feet  head. 

For  higher  pressures  such  as  occur  in  ordinary  water-mains 
the  rules  become : — 

w    '=(f+-«)+(^> 

(100.)         Hw  ={<  -  (^+  •  is))  X  25000  -r  d. 
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1$  wliich  d  s  dj|meter  of  the  pipe  in  inches,  t  =  the  thickness 
h  inches,  md  H^  ^  safe  working  head  of  water,  in  feet. 
Thns,  the  thickness  for  an  8-inch  pipe  for  250  feet  of  water 

fcooiL,  by  the  rule  (99)  t  =  (^  + -Is)  +  (^25000^)  = 

'513  inch.  Again,  to  find  the  safe  head  of  water  for  a 
Wnch  pipe    -63   inch   thick,   the  rule   (100)   gives   Hw  = 

•«3  -  f^  +  -15^1  X  25000  -T-  9  =  500  feet  head. 

(101.)  Table  20,  taken  from  the  anther's  <  Practical 
[ydraidics/  has  been  calculated  by  the  rule  (99),  and  gives 
le  thickness  and  approximate  weights  of  cast-iron  socket-pipes 
^  pressures  ranging  from  gas-pipes  up  to  1000  feet  of  water. 
be  usual  practice  of  engineers  is  to  specify  the  weights  of 
ipes,  rather  than  the  thickness,  leaving  the  founder  to  determine 
lat  for  himself,  which  long  practice  enables  him  to  do  with 
^nsidezable  precision ;  of  course  absolute  accuracy  cannot  be 
stained  and  should  not  be  expected :  a  margin  for  unavoidable 
^nations  should  be  allowed,  say  1  lb.  to  the  inch  either  way, 
» that,  for  instance,  a  7-inch  pipe  for  250  feet  head,  specified  to 
^h  3  cwt.  0  qr.  9  lbs.  as  per  Table  20,  should  not  be  rejected 
its  real    weight    is    between   3    cwt.   0    qr.    2    lbs.    and 

cwt  0  qr.  16  lbs.,  &c.,  14  lbs.  being  thus  allowed  for  vari- 
3on  in  a  7-inch  pipe.  Founders  consider  this  to  be  a  fair 
lowance. 


CHAPTER  IV. 

STBENQTH  OF  OHAIN,   HOPES,  STO. 


(102.)  The  strength  of  chain  is  not  equal  to  that  of  a  straight 
tr  of  the  same  material ;  experiments  at  Woolwich  have  shown 
at  a  straight  bar  being  1  *  0,  that  of  a  chain  =  1  *  822  instead 
2*0.  Table  21  gives  the  result  of  direct  experiments  on  the 
:6ngth  of  chain,  which  shows  that  wrought  iron  is  the  best 
ileriaL     Steel  seems  entirely  to  lose  its  superior  tensile 

w  2 
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strength  when  made  into  chain,  which  is  due  no  donbt  to  the 
welding  process.  Table  1  shows  that  bar  steel  is  superior  to 
bariron  to  the  extent  of  47 -84-^25 -7  =  1-86,  or  86  per  cent ; 
but  when  welded,  iron  is  superior  to  steel,  21"1  -f-  20*4  = 
1  •  034,  or  3  •  4  per  cent. 

When  made  into  stud-linked  chain  the  mean  strength  of  steel 
by  Nos.  88  to  43  of  Table  21  is  =  18  *  13  tons  per  square  inch, 
iron  being  =  17*44  tend;  practically,  therefore,  there  is  little 
or  no  difference  in  the  two  materials. 

There  are  two  kinds  of  chain  in  common  use,  the  short-linked 
or  crane-chain  used  for  most  purposes  on  land ;  and  the  stay 
or  stud-linked  cable-chain  for  naval  purposes. 

(103.)  "  Short-linked  Orane-chain.'^—Tahle  21  shows  that  the 
mean  strength  of  crane-chain  from  ^  inch  to  1^  inch  diameter 
is  19  tons  per  square  inch,  and  it  appears  to  be  about  the  some 
for  all  the  sizes  between  those  extremes.  A  chain  made  of 
1-inch  iron  would  therefore  break  with  19  X  "7854  x  2  = 
29  *  84,  or  say  30  tons,  and  for  short-linked  crane-chain  we  have 
the  rules : — 

(104.)  Mean  breaking  weight  in  pounds,  w  =  d^  x  1050. 

„  „  tons       W  =  rf-  X  -47. 

(105.)  Government  proof-strain  in  pounds,  p  =  d^  x  420. 

tons,  P  =  gP  X  •  1875. 
In  which  d  =  the  diameter  of  the  iron  in  8ths  of  an  inch,  &c.: 
thus  for  1-inch  chain  wo  have  W  =  64  x  '47  =  30  tons,  and 
P  =  64  X  -1875  =  12  tons,  &c.;  cols.  2  and  3  in  Table  22 
have  been  calculated  by  these  rules.  It  will  be  observed  that 
the  ratio  of  the  proof  strain  to  the  breaking  weight  is  1  to 
1050-^420  =  2-5.  With  lifts,  cranes,  &c.,  where  life  is 
jeopardised,  the  safe  working  load  should  not  exceed  ^th  of  the 
breaking  weight,  but  for  many  less  critical  cases  it  may  be  50 
per  cent,  more  than  that,  or  fV^^^  ^^  *^^  breaking  weight :  we 
thus  obtain  cols.  4  and  5  in  Tablo  22.  The  weights  per  fathom 
(or  6  feet)  in  col.  6,  from  ^  inch  to  1  inch,  were  found  by 
weighing  given  lengths ;  the  rest  wore  calculated  from  the 
1-inch  chain. 

(106.)  ''Stud-linked  or  OatZe-c/wm."— Table  21  shows  that 
the  strength  of  stud-chain  is  not  so  great  as   is  commonly 
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Table  22. — Of  the  Strength  and  Weight  of  Shobt-likkbd 

Cbane-chaik. 
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snpposod:  the  mean  of  the  twenty-fonr  experiments,  Nos.  14 
to  37  on  iron  chains  from  f  inch  to  2^  inches  diameter  is 
17*43  tons  per  square  inch,  or  1^  ton  less  than  that  of  ordinary 
orane-chain.  This  is  contrary  to  the  current  notion  on  the 
subject,  but  is  the  clear  result  of  experiment :  cable-chain  has, 
however,  some  important  advantages,  principally  in  its  non- 
liability to  Icink  or  become  entangled,  which  for  naval  purposes 
is  all-important :  moreover  it  is  lighter,  as  shown  by  col.  5  of 
Table  23. 

Admitting  17  *  43  tons  per  square  inch  as  the  mean  strength  of 
cable-chain,  we  have  17-43  x  -7854  x  2  =  27*37  tons,  the 
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u 

71-30 

47-6 

28-8 

145 

u 

82-68 

85-* 

27-7 

170 

1{ 

94-92 

63-8 

81-6 

I9S 

2 

108-00 

72-0 

36-0 

230 

2i 

121-92 

Bl-3 

40-6 

2S6 

!i 

13G-(!8 

91-2 

45-e 

285 

2! 

m-75 

101-7 

50-8 

320 

2i 

168-73 

112-5 

56-2 

360 

Baliofl= 

3 

2 

I 

(1) 

(') 

<3) 

(0 

(6) 

breaking  weight  of  l-inch  chain:  taking  27  tons  for  toimd 
niunbcrB,  we  have  for  etud-liuked  chain,  the  rules: — 

(107.)  Mean  breaking  weight  in  potmdB,    u>  =  d*  X  946. 
„  „  tons,      W  =  <P  X  -423. 

(108.)  Admiralty  proof-Btrain  in  pounde,    p  =  d^  x  630. 
„  „  tons,        P  =  d'x  -282. 

In  nhicb  d  =  the  diameter  of  the  iron  in  8tha  of  an  inch : 
thna  for  1-inch  cable  W  =  64  x  '423  =  27  tone,  and  P  =  64  X 
-282  =  18  tons,  &o.:  cols.  2  and  3  in  Table  23  have  been 
calculated  hj  these  rules. 

The  ratio  of  the  proof  strain  to  the  breaking  weight  is  1  to 
945  'i-  630  =  1*6,  which  is  a  very  severe  test,  bnt  it  is  main- 
tained that  the  object  of  testing,  namely,  to  discorer  faulty 
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links,  would  not  be  answered  without  a  heavy  strain,  and  that 
experiments  at  Portsmouth  Dockyard  have  shown  that  the 
strength  of  a  chain  is  not  seriously  or  even  sensibly  impaired 
by  repeated  strains  abnost  equal  to  the  breaking  weight.  In 
ordinary  cases,  however,  it  is  not  desirable  to  load  chain-cables 
to  more  than  half  the  Admiralty  proof-strain,  or  ^rd  the 
breaking  weight,  and  from  this  we  obtain  col.  4  in  Table  23. 

(109.)  ^* Annealing  Chain" — ^It  is  shown  in  (14)  that  the 
effect  of  annealing  wrought  iron  in  the  form  of  bsirs,  plates,  or 
chains  is  a  loss  of  tensile  strength.  The  effect  on  chain  is  very 
clearly  shown  by  Nos.  19,  20,  in  Table  21,  where  the  matter 
was  submitted  to  direct  experiment :  ten  specimens  of  ^-inch 
annealed  chain  gave  a  mean  strength  of  16  *  34  tons  per  square 
inch;  and  ten  similar  ones  not  annealed,  gave  17*54  tons, 
showing  16  •  34  -7- 17 '  54  =  •  93,  or  7  per  cent.  loss.  Comparing 
the  maximnm  strengths  in  col.  4,  or  the  minimum  ones  in  col.  5, 
we  obtain  similar  results :  thus  with  the  former  we  have  20  *  25 
-f-  21-76  =  -93,  or  7  per  cent. ;  and  with  the  latter  19  -^  20*5 
=  •  93,  or  7  per  cent.  also. 

But  if  in  the  course  of  manufacture,  the  iron  is  cold-hammered, 
which  not  unfrequently  occurs  in  practice,  a  loss  in  strength  of 
about  30  per  cent  may  accrue  as  shown  in  (14),  and  in  order  to 
avoid  that  great  loss,  it  is  expedient  to  submit  to  the  7  per  cent, 
loss  due  to  annealing. 

It  has  been  found  by  experience  that  by  long-continued  use, 
chains  become  brittle  and  break  with  a  comparatively  small 
impulsive  strain,  such  as  very  often  occurs  with  cranes,  (&c.,  by 
the  load  slipping  or  otherwise :  thus  a  |-inch  chain  has  been 
known  to  break  in  one  case  with  3^  tons,  and  in  another  with 
5-9  tons,  although  the  breaking  load  by  col.  2  of  Table  22 
should  not  have  been  less  than  11*72  tons.  It  should  be 
observed,  however,  that  in  both  cases  the  strain  exceeded  the 

safe  working  load  given  in  col.  5,  namely,  2  *  34  tons. 

It  is  very  desirable  that  all  chains  should  be  periodically 
re-annealed  and  re-tested :  the  failure  of  chains  is  the  source  of 
most  of  the  serious  accidents  in  our  factories,  which  might  be 
avoided  to  a  great  extent  by  more  frequent  annealing  and 
testing. 
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(110.)  *^  Strength  of  Ropes '' — The  experiments  of  Captain 
Hnddart  have  shown  that  hand-laid  ropea  such  as  are  commonly 
made  in  small  rope-works  are  not  so  strong  as  those  made  with 
register  and  press-block.  He  also  found  in  the  latter  greater 
tmiformity  of  strength  among  the  various  sizes :  in  the  hand- 
laid  ropes  the  smaller  sizes  were  proportionately  stronger  than 
the  larger,  ranging  from  560  lbs.  per  circular  inch  in  3-inch 
girth,  to  421  lbs.  in  the  8-inch.  Those  made  with  the  register 
were  nearly  uniform  in  strength,  being  =  820  lbs.  per  circular 
inch  in  both  the  3-inch  and  8-inch  ropes. 

From  the  deterioration  by  age  and  moisture  to  which  ropes 
are  subjected  the  safe  working  load  should  not  exceed  ^  of  the 
breaking  weight  for  such  cases  as  cranes  and  pulley-blocks. 
But  where  life  and  limb  depend  absolutely  on  the  strength  of 
ropes,  as  in  hoists  or  lifts,  &c.,  and  where  moreover  there  is 
considerable  wear-and-tear  by  constant  passing  over  pulleys,  &c., 
the  working  load  should  not  exceed  ^th  of  the  breaking  weight. 

The  proof  strain  is  commonly  taken  at  half  the  breaking 
weight,  but  this  seems  to  bo  too  high  in  most  cases :  wo  have 
taken  it  at  J  in  Table  24,  which  gives  the  breaking  weights  by 
Captain  Huddart's  experiments,  also  the  proof  strain  and 
working  load  in  accordance  with  varying  circumstances. 

It  is  frequently  expedient  to  use  two  ropes  of  equivalent 
strength  rather  than  one  large  one,  and  this  is  commonly  done 
in  the  teagles  or  hoists  used  in  the  factories  of  the  north  of 
England.  Thus,  where  the  weight  of  cage  and  load  =  30  cwt., 
we  might  use  by  col.  6,  one  G^-inch,  or  preferably  two  4J-inch 
ones,  &c. 

(111.)  ''Flat  Bopes." — The  continual  bending  of  ropes  over 
pulleys  is  found  to  be  very  destructive,  especially  ^vith  small 
pulleys,  and  of  course  ropes  of  large  size  sufier  the  most.  For 
this  reason  flat  ropes  are  better  adapted  for  such  cases ;  their 
strength  may  be  found  from  that  of  the  round  ones  of  which 
they  are  composed:  thus  a  flat  rope  IJ  X  6  inches,  composed  of 
four  round  ropes  each  1^  inch  diameter  or  4^  inches  girth,  will 
by  col.  6  of  Table  24  give  a  working  load  =  15*3  x  4  = 
61  cwt.,  &c. 

(112.)  "  Bifjidity  of  Bopea^ — When  a  rope  passes  over  a 
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Table  24.— Of  the  Strength  and  Weight  of  Hempen  Ropes. 


Weight  per 
Fathom. 

Bopes  made  with  Register. 

Otrthin 

BreakiDg 
Weighu. 

Safe  loads :  Owta. 

Proof  Strain. 

Ordinary. 

Hoists,  &c. 

Ihs. 

CWt9. 

cwts. 

n 

0-50 

16-5 

5-5 

4-1 

2-4 

2 

0-88 

29-3 

9-8 

7-3 

4-9 

2i 

138 

45-7 

15-2 

11-4 

7-6 

3 

1-98 

66 

22 

16-5 

11-0 

3* 

2-70 

90 

30 

22-5 

150 

4 

3-52 

117 

39 

29-2 

19-5 

4* 

4-46 

148 

49 

37  0 

24-7 

5 

5-50 

183 

61 

45-7 

30-5 

^ 

6-66 

221 

70 

55-2 

37-0 

6 

8-00 

263 

88 

66 

44-0 

6* 

9-3 

309 

103 

77 

51-5 

7 

10-8 

358 

119 

89 

59-7 

7i 

12-4 

412 

137                 103 

69 

8 

14- 1 

468 

156 

117 

78 

9 

17-8 

59.3 

198 

148 

99 

10 

220 

7,32 

244 

183 

122 

11 

26-6 

886 

295    « 

221 

144 

12 

31-7 
0-50 

1054 

351 

264 

176 

Hand-laid  Ropes. 

1} 

11-3 

3-8 

2-8 

19 

2 

0-88 

200 

6-7 

50 

3-3 

2| 

1-38 

31-3 

10-4 

7-8 

5-2 

3 

1-98 

45- 1 

150 

11-3 

7-5 

H 

2-70 

60-6 

20-2 

15-1 

101 

4 

3-52 

78 

26-0 

19-5 

13-0 

4* 

4-46 

92 

30-7 

230 

J5-3 

5 

5-50 

118 

39-3 

29-5 

19-7 

5i 

6 -lie 

138 

46 

34-5 

230 

6 

8-00 

162 

54 

40-5 

270 

6i 

.9-3 

183 

61 

45-7 

30-5 

7 

10-8 

205 

68 

51-2 

341 

7i 

12-4 

223 

74 

560 

37-2 

8 

141 

240 

80 

60-0 

40-0 

Ratios 

•  • 

6 

2 

1-5 

1 

0) 

(2) 

(3) 

(*) 

(5) 

(6) 
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pulley,  the  strain  upon  it  is  not  only  that  due  to  the  weight 
lifted,  but  also  that  due  to  the  sti&ess  or  rigidity  of  the  rope 
itself,  and  still  further  to  the  friction  of  the  pin.  Coulomb, 
Nayier,  and  others  have  investigated  this  subject,  and  the 
following  rule  is  based  on  their  results : — 

h'0257+('0212xx)]xx)+('0U273xxX'w\ 
(113.)  tr  =  -! g_Z_V 1 

In  which  a;  =  (P  X  48  for  white  hempen  rcjpe ;  d  =  diameter 
of  rope  in  inches ;  D  =  diameter  of  pulley  in  inches  measured 
at  the  centres  of  the  ropes ;  W  =  the  statical  weight  on  the 
rope  in  lbs.  without  motion ;  and  ti;  =  the  extra  weight  to  over- 
come  the  stiffiiess  of  the  rope  and  produce  motion. 

(114.)  Thus,  let  A  in  Fig.  26  be  a  pulley  14|  inches  diameter, 
with  a  rope  1  inch  diameter  having  equal  weights  W,  W  of 
1100  lbs.  suspended  on  each  side,  the  diameter  at  the  centres  of 
the  ropes  will  then  be  15 J  inches.  Now,  with  no  rigidity  in 
the  rope  or  friction  of  axle,  the  addition  of  the  smallest  weight 
to  one  side  would  cause  motion,  but  the  rigidity  of  tho  rope 
will  require  a  considerable  extra  weight  to  overcome  it ;  in  our 
case: — 

([•0257  +  (-0212  X  48)]  x  4s)  +  ('014273  x  48  x  llOo) 

to  =  ^ ' ^^ ^  =  51  lbs. 

15i 

Table  25  has  been  calculated  by  the  rule  (113),  col.  A  by 
rule  A  =  -014273  X  ic:  and  col.  B  by  rule  B  =  [0257  + 
(0212  X  x)]  X  X.  To  use  this  Table  ;  multiply  tlio  number  in 
col.  A  opposite  the  given  size  of  rope  by  tho  statical  strain  or 
weight  W ;  add  the  number  in  col.  B  and  divide  the  sum  by  the 
diameter  of  the  pulley  in  inches,  measured  at  centres  of  ropes  ; 
the  quotient  is  the  extra  weight  lo  required  to  overcome  the 
rigidity  and  produce  motion.  Thus  for  a  rope  3  inches  girth, 
or  1  inch  diameter,  on  a  7-inch  pulley,  or  8  inches  centres,  and 
a  weight  of  1000  lbs.,  we  have  from  col.  A,  '6247  X  1000  = 
624*7,  and  from  col.  B,  41*74,  from  which  we  obtain  w  = 
(624*7  +  41-74)  -i-  8  =  83  lbs. :  motion  would  therefore  ensue 
with  1000  lbs.  at  one  side,  and  1083  at  tho  other,  if  there  was 
no  friction  from  the  pin. 
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Table  25. — Of  Constants  for  Ix)88  of  Poweb  by  Rigidity  of 

Hemp  Ropes. 


SIzeofBope. 

A 

B 

Size  of  Rope. 

A 

Girth. 

Diameter. 

Girth. 

Diameter. 

B 

1* 
2 

2i 
3 
3i 
4 

5 

(1) 

•477 
-636 
•796 
•955 
1-114 
1-27 
1-43 
1-59 
1-75 

(2) 

•1556 
-2767 
•4343 
-6247 
-8495 
1-103 
1-255 
1-733 
2-097 

(3) 

2-80 
8-50 
20-41 
41-74 
76-66 
128-6 
205-9 
315-6 
461-3 
(0 

6 

^ 

7 

7i 

8 

9 

10 

11 

12 

(1) 

i 

1-91 
2-07 
2-23 
2-39 
2-55 
2-86 
3-18 
3-50 
3-82 

(2) 

2-501 
2-850 
3-404 
3  912 
4-453 
5-604 
6-927 
8-392 
10  000 

(3) 

655 

851 

1212 

1600 

2072 

3278 

5005 

7330 

10415 

(*) 

(115.)  The  advantage  of  large  diameters  for  the  pulleys  will 
now  be  apparent,  the  loss  of  effect  being  inversely  proportional 
to  the  diameter :  thus  the  extra  weight  due  to  rigidity  for  4,  8, 
and  16-inch  pulleys  to  raise  1000  lbs.  with  a  3-inch  rope  would  be 
166,  83,  and  41  '5  lbs.,  the  strain  becoming  1000  -|-  166  =  1166 ; 
1000  -h  83  =  1083,  and  1000  +  41  •  6  =  1041  •  6  lbs.  respectively, 
irrespective  of  friction. 

(116.)  ''Loss  by  Fridion."— The  effect  of  friction  may  be 
illustrated  by  Fig.  26 :  the  strain  on  the  pin  is  in  that  case 
1100  +  1151  =  2251  lbs. ;  taking  friction  at  ^th  of  the  weight, 
we  have  2251  -r-  6  =  375  lbs.  friction  at  the  surface  of  the  pin. 
Taking  2  inches  for  the  diameter  of  the  pin  and  15f  for  the 
effective  diameter  of  the  pulley,  we  have  375  X  2  -7- 15  •  75  = 
48  lbs.  at  the  rope.  Thus  to  raise  1100  lbs.  we  require  a  strain 
of  1100  +  61  +  48  =  1199  lbs.:  hence  1100  —  1199  =  -918, 
or  say  92  per  cent,  of  the  power  is  utilised,  8  per  cent,  being 
lost  by  friction  and  rigidity  of  the  rope. 

(117.)  "  Strains  in  Common  Sheave-hlocJcsJ' — The  strains  on  a 
rope  in  common  sheave-blocks  are  very  complicated,  the  effect 
of  rigidity  and  friction  accumulating  throughout  with  every 
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ftddititmal  pnllej.  Bk;  that  wo  take  ttie  own  cf  »  pair  of  4  and 
8-shMTe  blcx^  Vig.  27,  widt  s  ic^  8  inobM  in  girtk  and 
.7-iiiclL  pnllejs,  or  8-iiioh  ^antrM,  having  pina  1^  indt  diametar. 
Annming  800  Iba.  on  the  rope  A,  the  extra  atnin  tat 
rigiditf'  on   the   psll^  r  hj  Table  S6  and  (118)  will  be 


(•6M7X  800) +  41-74 


68  llNk,  and  &e  tendon  on  the 


zbpe  g  wonld  be  868  Ibe.  if  there  were  not  a  fOrdicar  lo«  bj 

ftktion  of  the  pin.    The  weight  oa  the  pin  of  the  pnllef  r  = 

800  +  868  =  1668  Iba.,  the  friction.  1668  •?-  6  =  27S  Ibe.  at 

&a  OTifaoe  of  the  |dn,  whioh  ia  rednoed  to  278  X  1^  ^  8  = 

48  Ibe.  at  the  Tope :  the  tension  on  f  thna  beocMOM  868  +  48  = 

811  lbs. 

EUmiUrlj,  the  extra  atrain  fetnu  ligidi^  on  the  pnllej  p,  ia 

<-6247  X  911)  +  41-74      _,  „         ....  ^,     _^. 

L_ g-i-i =  76  Ibe.,  whieh  mcreeeea  the  stram 

on  the  rope  /to  911  +  76  =  987 Iba.:  the  w«ght  on  the  pin 
bocomoB  911  +  987  =  1898  lbs.:  friction  (1898  x  IJ)  -^ 
(6x8)  =  48  lbs.  at  the  rope,  thus  increasing  the  tension  on  / 
to  987  +  48  =  1035  lbs.,  &c.,  &c  The  Btraina  on  aU  the  ropes 
in  Fig.  27  have  been  thus  calculated,  and  from  that  figore  we 
may  now  obtain  data  for  any  number  of  pnllejs  &om  1  to  7. 

(118.)  Thos  with  a  single  pulley  r,  we  have  800-4-911  = 
'878,  or  say  88  per  cent,  of  the  power  ntilised,  hence  12  per 
cent,  is  lost :  wo  Bhould  obtain  the  eame  result  from  the  pnlley  k, 
namely,  1727  -h  1960  =  -881. 

With  1  and  2  sheaves,  o,  p,  r,  the  weight  lifted  at  W  is 
eqnal  to  the  Bum  of  the  etrainB  on  the  ropes/,  g,  h,  or  1035  + 
911  +  800  =  2746  lbs.  But  the  mechanical  power  of  the 
combination  being  3  to  1,  the  teneiou  at  e  Bbonld  have  raiaed 
1177  X  3  =  3531  lbs.  at  W ;  hence  we  have  2746  -H  3631  = 
*78,  or  78  per  cent,  utilised,  and  22  per  cent.  lost. 

With  2  and  3  aheaves,  m,  n,  o,  p,  r,  tbo  weight  lifted  is  the 
sum  of  tbe  strains  on  the  ropes  d,  e,  /,  g,  h,  or  5260  lbs.,  but 
the  weight  due  to  tbe  strain  of  1518  at  c  is  1518  X  6  = 
7690  Iba.,  hence  5260  -^  7690  =  ■  69,  or  69  per  cent,  is  utilised, 
and  31  per  cent.  lost. 


STBAIN8  IN   COMMON  SHEAVB-BLOOKS. 


79 


With  3  and  4  sheaves,  the  weight  lifted  is  the  sum  of  the 
Btndns  on  the  seven  ropes,  h,  c,  d,  e,  /,  g,  h,  or  8507  lbs. ;  bnt 
the  weight  due  to  1960  lbs.  at  a,  is  1960  x  7  =  13720  lbs.  : 
hence  8507  -r- 13720  =  •  62,  or  62  per  cent,  is  utilised,  and 
38  per  cent,  wasted. 

(119.)  These  ratios  may  be  applied  generally  with  approxi- 
mate accuracy  to  average  pulley-blocks  with  ropes  of  other 
sizes,  and  we  have  thus  obtained  Table  26 :  thus  taking  the 
working  strain  on  common  hand-laid  ropes  from  col.  5  of 
Table  24,  we  obtain  col.  4,  and  from  that,  and  the  theoretical 
power,  combined  with  the  duty,  we  obtain  cols.  5  to  8  in 
Table  26.  Thus  for  a  rope  2  inches  girth  without  any  pulley 
the  direct  safe  load  by  col.  4  =  5  cwt. :  with  1  pulley,  5  X 
•88  =  4-4  cwt.;  with  2  and  1  sheaves,  6  x  3  x  '78  = 
11-7  cwt;  with  3  and  2  sheaves,  5  x  6  X  '69  =  17-2  cwt.; 
and  with  4  and  3  sheaves,  5  X  7  x  '  62  =  21  *  7  cwt.,  &o. 

Table  26. — Of  the  Safb  Load  for  Pullet-blocks,  allowing  for 
Rigidity  of  the  Rope,  and  Friction  of  Pin. 


SixeofBope. 


Girth. 


U 
2 

2i 
3 
3J 
4 

^ 

5 

6i 

6 

(1) 


Di«m«ter. 


•48 
•64 
•80 
•96 
•11 
•27 
•43 
•59 
•75 
•91 
(2) 


Diameter 
ofPuUey. 


No  Pulley. 
Duty  100 
Per  Cent. 


1  Pulley. 
Theoretical 


2  and  1 
Sheaves. 

D«-.«,  1  #   Theoretical 
Power  1  to  po^er  3  to 
1;  Duty  88*^®'^®'^'*^ 
Percent. 


3  and  2 

Sheaves. 

Theoretical 

Power  6  to 

1;  Duty  78  1;  Duty  69 

Per  Cent  I  Per  Cent. 


4  and  3 

Sheaves. 
Theoretical 
Power  7  to 
1 ;  Duty  62 

Per  Cent. 


Working  Loads,  in  Cwts. 


Inches. 
3-5 

4-7 

5^8 

7^0 

8^2 

9-3 

10  5 

117 

12-8 

14^0 

(3) 


2-8 

5^0 

7-8 

11-3 

15-1 

19-5 

230 

29-5 

34-5 

40^5 

0) 


2-5 

6-5 

4-4 

11-7 

7 

18 

10 

26 

13 

35 

17 

47 

20 

54 

26 

69 

30 

81 

36 

95 

(5) 

(6) 

9-7 

172 

27 

39 

52 

67 

79 
101 
119 
140 

(7) 


121 

21^7 

34 

49 

66 

85 
100 
128 
150 
176 

(8) 


(120.)  Wlien  pullej-blookB  oui  be  bo  tmnged  Hut  &e  peteer 
Aall  Kit  Dpwuds  dnrtead  of  downwudB,  &e  Iwt  pnllej  oml  bo 
dispenaed  witli  and  eocnunnj  of  power  eflboted.  For  ezunplo, 
if  in  Fig.  27  iba  rope  b  is  oontmned  to  Q,  the  pnll^  k  is  nrailw. 
all  the  BtninB  on  Hie  difibrent  ropee  remain  as  before,  thetefote 
Hte  weight  lifted  i>  the  same,  but  initead  of  1960  lbs.  as  at  a, 
we  now  reqnize  1787  lbs.  onlj,  the  weight  due  to  w&ioh  is 
1727  X  7  =  19089  lbs. ;  henee  8607  -j- 13089  =  -YO,  or  70  per 
oast,  is  atilised,  and  80  per  cent.  lost,  wheteaa  in  (116)  we  had 
63  per  cent,  atilised :  8  per  oenL  being  thus  saved. 

(121.)  "  Strmgtk  of  Wire  Bepe." — Wire  ropes  are  reiy  eztn- 
sively  naed  fbr  winding  puiposes  in  collieries,  &x>^  when  the 
principal  objection  to  them,  namelj,  their  great  rigidity,  it 
easily  oveioome  b;  the  use  of  very  luge  pnlleyB.  The  bieddng 
weight  and  safe  working  load  of  round  and  flat  iron-wire  inpea 
shown  by  Table  27  are  gives  by  Hessra.  Newall  and  Oo. :  it 
will  be  ofaserred  that  they  fix  the  working  load  of  round  topes 
for  inclined  planes  and  other  ordinary  work  at  4^th  of  the 
breakiDg  weight,  and  for  flat  ropes  (111)  used  ia  pits,  hoists, 
&0.,  where  life  dependB  absolutely  od  the  etreugtb  of  the  rope, 

Table  27- — Of  the  STRBNfiTH  of  Iron  Wire  Ropeb. 


armm- 

Biemlng 
Weight 

"l^""^ 

Wright 

ference. 

Bnaklng 
Wetglil. 

^C^ 

W-igh. 

1 

40 

c»U 

1 

*i 

U40 

CWti 

90 

16 

IS 

SO 

12 

2 

** 

800 

120 

20 

1* 

2* 

ICO 

24 

4 
S 

81i«. 

FW  Wln-ropw. 

H 

240 

36 

6 

2ixi 

400 

44 

11 

n 

280 

42 

7 

nxi 

040 

60 

15 

s* 

320 

48 

8 

Six* 

610 

72 

18 

3i 

400 

60 

10 

SJxii 

SOO 

88 

22 

SJ 

480 

72 

12 

4ixi 

1000 

112 

28 

4 

560 

84 

14 

4Sxi 

1200 

136 

31 
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only  ^th  at  the  breakiiig  weight,  agreeing  with  (923)  and 
l^ble  111,  which  gires  in  ool.  8,  for  an  intermittent  djmunic 
load  i  of  the  statical  breaUng  weight,  which,  with  Faotor  S, 
beoome8i'r3  =  ith. 

{132.)  "Strength  of  Pump-rodg." — B7  Table  1  the  mean 
teneile  strength  of  welded  wrought  iron  =  47,266  lbs.  per  square 
inch  breaking  weight  with  dead  load,  equivalent  by  the  "  ratios  " 
in  ooL  3  of  Table  141  to  47266  X  ^  =  15766  Iba.  intermittent 
dynamic  breaking  weight.  Table  137  gives  factor  of  safety  =  3, 
henoe  weobtain  16766  -9-3  =  6352  lbs.  per  square  inch  working 
strain :  taking  it  in  round  numbers  at  6000  lbs.,  we  obtain  ooL  2 
of  Table  28.  Fig.  28  gives  the  form  and  proportions  of  socket- 
joints  for  pomp-rods,  which  have  been  found  to  work  well  in 
practice,  and  the  table  gives  the  aizes  of  socket,  &0.,  &&,  for 
difierent  diameters  &om  ^  inch  to  2  inches. 
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1* 

1» 
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21 

3 
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21 
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11 
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2i 
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4 

<1 
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2i 
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11 
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Table  29  gives  the  strain  on  single-acting  pump-rods  in  prac- 
tice: coL  10  shows  that  it  seldom  exceeds  6000  lbs.  per  sqnare 
inch,  but  at  Trafalgar  Sqnare  it  was  6600  Iba.,  the  result  being 
that  fotctnres  were  frequent. 

For  double-acting  pump-rods  the  strain  is  not  only  inter- 
mittent bnt  alternate  also,  and  being  accompanied  by  more  or 
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less  violeiit  shocks  from  the  motion  of  the  water,  the  factor  of 
safety  =  8,  by  col.  6  of  Table  141  becomes  3  ^  ^  =  18 ; 
hence  we  have  47266  -r- 18  =  2626  lbs.  per  square  inch  working 
load. 


CHAPTEE  V. 

OK  THX  SHEABINO  STRAIN. 


(123.)  **  Single  and  DotMe  Shear'* — When  two  plates  are  con- 
nected by  a  rivet  or  pin,  as  at  A  in  Fig.  6,  and  the  rivet  is 
severed  by  a  tensile  strain  applied  to  the  plates,  we  have  a  case 
of  singloHshearing,  and  it  has  been  found  that  the  strain  is 
simply  proportional  to  the  area  sheared,  being  independent 
of  the  form  of  the  pin  in  cross-section,  whether  round, 
square,  &c. 

In  Fig.  8,  or  at  0  in  Fig.  6,  we  have  two  side  plates  and 
one  central  one :  it  is  obvious  that  to  shear  the  pin  a  double 
area  has  to  be  severed  requiring  double  strain  for  the  doable 
shear, 

Mr.  E.  Clark  made  direct  experiments  on  the  resistance  of 

l-inch  rivet-iron  to  single  and  double  shearing :  he  found  that 

the 

Maiimmn  Minimnm  Mean 

singleHahearing  strain  by  four  experiments  was 

261  23-9  24*14 

tons  per  square  inch.  Doublenahearing  gave  as  the  result  of 
eight  experiments : — 

22  9  21-6  221 

tons.  The  mean  of  the  two  =  23*  12  tons  per  square  inch :  the 
direct  tensile  strength  of  the  same  iron  was  24  tons,  from  which 
it  appears  that  the  shearing  and  tensile  strains  are  practically 
equal  to  one  another,  and  this  is  admitted  as  a  general  rule :  it 
requires,  however,  some  modification  as  applied  to  rivets  in 
joints.    It  appears  that  in  the  process  of  riveting  red-hot  in  the 

a  2 
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tusnal  way  the  metal  is  damaged  and  its  strength  reduced  by  the 
maltreatment  experienced  :  thus  by  Table  l,Mr.  Eirkaldy  gives 
26  tons  per  square  inch  as  the  mean  tensile  strength  of  rolled 
rivet-iron ;  but  Mr.  Fairbaim  found  it  to  be  22  tons  only  in 
single-riveted  joints  of  boiler-plate  (19);  hence  we  have 
22  -7-  26  =  *  846,  or  say  85  per  cent,  realised ;  therefore  15  per 
cent,  is  lost  by  riveting  hot. 

With  steel  rivets  the  loss  is  very  great,  as  shown  by  (42) ;  the 
tensile  strength  of  bar  steel  is  47*84  tons  per  square  inch,  but 
that  of  steel  in  riveted  joints  is  28*77  tons  only:  hence 
23' 77  -7-47*84  =*50,  or  50  per  cent  only,  is  realised,  and 
50  per  cent,  is  lost  by  riveting  hot. 

With  treenails  of  English  oak,  commonly  used  in  ship- 
building, the  shearing  strain  across  the  grain  by  experiments  at 
n.M.  Dockyard  was  4000  lbs.  per  square  inch,  and  as  by 
Table  79  the  mean  tensile  strength  of  oak  =  12,832  lbs.,  the 
ratio  is  8  *  1  to  1  *  0. 

(124.)  ^^ Bectangular  Bars"  —  Experiments  recorded  by  the 
Institute  of  Mechanical  Engineers  show  that  in  shearing  flat 
bars,  the  shearing  strain  is  nearly  the  same  whether  the  bar  is 
flat  or  on  edge ;  thus  bars  ^  inch  by  3  inches  gave  on  the  flat 
22  •  3  and  on  edge  23  •  1  tons  per  square  inch.  Others  1  inch 
by  3  inches  gave  23  "1  and  22-7  tons  per  square  inch 
respectively:  in  these  experiments  the  shear  blades  were 
parallel. 

(125.)  "  Oblique  STiearing" — When  the  blades  are  fixed  at  an 
angle  so  as  to  shear  a  plate  obliquely,  the  strain  is  less  than  with 
parallel  shearing  to  an  extent  which  varies  with  the  angle  of  the 
blade  and  the  thickness  of  the  plate.  Say,  for  illustration,  that 
Fig.  29  is  a  blade  12  inches  wide,  with  four  steps  in  it,  each 
3  inches  wide,  and  B  the  plate  to  bo  sheared,  the  thickness  of 
the  plate  and  the  height  of  the  steps  being  ^  inch.  Now,  it  will 
he  observed  that  the  steps  act  one  after  the  other,  thus  C  will 
have  done  its  work  and  passed  through  the  plate  before  D  begins 
to  act,  &c.,  hence  the  strain  is  -|th  only  of  that  due  to  a  parallel 
blade  12  inches  wide,  but  of  course  the  travel  is  4  times  as 
much;  therefore  the  mechanical  power  is  the  same  in  either 
case.    The  line  E,  F,  G  at  a  slope  of  1  to  12J  or  1  to  8  would 
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eridantif  gire  the  eame  resnlt  aa  k  blade  with  steps,  that  is  to 
say,  with  a  J-iiich  plate  aa  in  oar  case.  Bat  the  slope  wonld 
vary  with  the  thiokneaa;  thus  for  ^inch  plate  it  might  be 
1  to  16 ;  with  1-iiioh  plate  1  to  4,  &o. ',  the  strain  being 
then  |th  of  that  with  a  parallel  blade.  For  ordinary  and 
general  pnrpows  a  slope  oflinSto  linl^ia  oommonly 
ased. 

"  Strain  for  Pmtehiiig." — An  ordinary  pnnoh  may  be  regarded 
•a  a  oircalar  catter  or  shearing  blade  whose  length  is  eqnal  to 
the  circamferenoe :  then  by  Table  1  the  mean  strength  of  plate- 
inm  is  48,164  lbs.,  or  21-63  tons  per  sqaare  inch:  hence  a 
panch  1  inch  diameter  with  a  plate  1  inch  thick  would  requite 
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«  fonw  of  21- 6S  X  8  •  1416  =  68  tou,  and  m  luTB  fbr  wons^t- 
xnn  pktM  tbe  nle;~ 

(136.)  s,  =  i  X  ( X  ea 

In  whiidi  i  ^  tiifl  JiMWA^w  of  pntifih^  mid  f  ^  iho  thiakneM  of 
the  plkte,  both  in  inches ;  8p  b^ng  &e  punching  strain  in  ttms : 
thus,  for  flxui^le,  with  |-inoh  ptmeh  «ad  ^inoh  plflte  wa  oUwir 
Ur=ixiX  68  =  26-6 tons. 

WiUi  steel  pktee  the  moan  tensile  Mid  iheMing  stieogdt  ij 
Table  1  =  86,977  lbs.,  or  88-88  toss  per  s^nue  inch;  heoos  ■ 
{Nmehl  inch  diameter  with  1-inoh  plate  nqniies  88 -88  x  8'ltiS 
=  120  tona,  and  we  have  for  steel  pUtes  Che  mle : — 

(127.)  S,  =  d  X  *  X  120. 

Thos  for  say  ^-ineh  ptmeh  and  ^ineh  sted  plate  the  pmehiiig 
strain  becomes  B,=^xixl30  =  16  tona.  Talde  80  has 
been  calwilated  by  these  miss. 

(128.)  This  term  has  bees  applied  to  the  Hhearing  strength 
of  timber  in  the  direction  of  the  fibres.  Experimento  have 
shown  that,  Ist,  This  is  praotioally  th«  same  as  the  tensile 
strength  peTpendicular  to  the  grain  wbioh  is  given  at  the  end 
of  Table  1 ;  and,  2nd,  That  both  are  very  small  and  very 
variable:  with 

Poplar  Oak  l4kiob         Scotch  Fir     Hemel 

the  mean  resistance  to  detmsion  with  the  grain  and  tensile 
strain  across  the  grain  is  ; — 

1782  2316  1335  S62  690  lb*. 


per     Bqnare     inch.       Taking     the 
strength  at 

ordinar 

y     mean     tei 

7200            12,332               9580 

12,200 

15,370  Iba 

per  square  inch,  we  have  the  ratios:- 

- 

40*               5-5                  7-2 

21-7 

22-3toI-0 

In  practice,  simple  detmsion  is  easily  avoided  by  bolts  through 
the  bar,  hence  the  great  weakness  of  some  kinds  of  timber  to 
that  particnlar  strain  is  a  matter  of  small  importance. 
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CHAPTEB  VI. 

ON  THE  OBUSHINO  STBAIN. 

(129.)  We  are  indebted  to  Mr.  Hodgkinson  for  almost  the 
whole  of  our  exact  knowledge  of  the  strength  of  materials  in 
resisting  crashing  strains,  and  from  his  experimental  investiga- 
tions we  obtain  the  following  laws : — 

1st.  That  for  specimens  whose  height  is  between  1^  and  3 
times  the  diameter  or  side  of  square,  the  crashing  strain  is 
simply  proportional  to  the  area. 

2nd.  In  that  case  the  plane  of  rapture  is  inclined  at  an  angle 
with  the  base,  and  therefore  with  the  axis,  which  angle  is  con- 
stant for  the  same  material,  but  is  different  for  different  materials. 

3rd.  That  for  heights  less  than  1^  times  the  diameter,  the 
crushing  strain  becomes  greater  irregularly  with  the  reduction 
in  height  (130). 

4th.  For  very  great  heights,  the  specimen  becoming  a  pillar 
of  oonsiderable  length  in  proportion  to  the  diameter,  failure 
takes  place  by  lateral  flexure,  with  a  load  very  much  less  than 
that  necessary  to  crush  the  material  (306). 

5th.  For  intermediate  heights,  the  pillar  fails  with  an  inter- 
mediate load,  partly  by  flexure,  and  partly  by  incipient 
cruahing  (168). 

(130.)  *"  Coit  Iron."— The  effect  of  height  is  well  illustrated 
by  some  experiments  by  Mr.  Hodgkinson  on  cylinders  ^  inch 
diameter,  the  heights  being 

4  i  f  4  f  H  2  3-78 

inches.    The  crushing  strains  were 

13-6       12-6      11-8      10-8      10-6       10-6        9-7        67 
tons ;  the  equivalent  strains  per  square  inch  were 

69*3       63*5      600      55*0      53*3       53*3      49*6       34*4 

tons.  It  appears  from  this  that  when  the  height  is  equal  to  the 
diameter  the  resistance  to  crushing  is  55-7-53*3  =  1*032,  or 
3*2  per  cent,  greater  than  when  the  height  is  between  1^  and  2 
with  diameter  1*0. 
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(181.)  TftUa  81  pwB  ike  gemsnl  xesnltB  of  Mr.  Boi^timaa^s 
ezpeximentt  on  the  orodiiiig  rtreogtb  of  oast-ixon  ojiiiideifr 
I  indh  diameiler;  those  in  ooL  1  wen  1^  inch  in  heig^t^  or 
dottUe  the  diameter;  those  in  ooL  4  were  f  inch  hi^  tad 
fh^  show  an  exoess  of  6*8  per  oent.  over  those  in  ooL  1.    ' 

Most  of  the  old  experiments  on  the  reeistmioe  of  mateiufaiio 
dhishhig  if  Bonnie,  Bramah,  and  others,  were  made  on  eidm^ 
and  it  has  heen  olgeoted  that  this  fiuit  vitifttes  their  resnttB,  Ymfi 
we  have  seen  that  in  oast  iron  at  least  the  difbreooe  is  from 
8*2  to  6*8  per  oent.  only,  so  that  the  earlier  experiments  on 
enbes  may  be  aooepted  as  ooneot  enonc^  fnr  praotioa 

Tablb  81.— Of  the  TtRSiui  and  OBusHmo  SnunfOTE  of  Ojun 

Ibon,  in  Tons  per  Square  Inch. 


Uodflf  ImL 

Crwhing: 

DooUellM 

DlamMer. 

C. 

TentOtt, 
T. 

Batto. 
CtoT. 

BqaAto 
DiametHT. 

Lowmoor,  No.  1  . .     . . 

25-198 

5-667 

4-446 

28-809 

No.  2  . .     . . 

41 

219 

6-901 

5-973 

44-430 

Clyde,  No.  1        . .     . . 

39 

•616 

7-198 

5-503 

41-459 

„     No.  2        ..     .. 

45 

•549 

7-949 

5-729 

49- 102 

„     No.  3       ..     .. 

46 

•821 

10-477 

4-469 

47-855 

Blaenavon,  No.  1 

85 

•964 

6-222 

5-780 

40-562 

No.  2 

45 

717 

7-46o 

6-123 

52-502 

„         No.  2,  2nd 

30 

•594 

6-380 

4-795 

30-606 

Calder,  No.  1       . .     . . 

83 

•921 

6-131 

5-532 

32-229 

Coltness,  No.  8    . .     . . 

45 

460 

6-820 

6-665 

44-723 

Brymbo,  No.  1     . .     . . 

33 

'784 

6-440 

5-246 

33-399 

No.  3     ... . 

34 

356 

6-923 

4-963 

33-988 

Bowling,  No.  2    . .     . . 
Devon,  No.  3,  Lot-blast 

33 

028 

6-032 

5-476 

33-987 

64- 

92 

9-75 

6-638 

•  • 

Buflfery,  No.  1       „ 

38' 

56 

6-00 

6-431 

•  • 

„           n    cold-blast 

41- 

67 

7-80 

5-346 

•  • 

Coed.Talon,No.2,  H.B. 

36- 

92 

7-45 

4-961 

•  • 

„               tt      C.B. 

36' 

50 

8-40 

4-337 

•  • 

CaiTon,  No.  2,  H.B.    . . 

51- 

20 

6-00 

8-493 

•  • 

*)                   99          C.B. 

49' 

65 

7-45 

6-668 

•  • 

1,       No.  3,  H.B.    . . 

59- 

56 

7-90 

7-515 

•  • 

„          „     C.B.    .. 

51- 

53 

6-85 

8- 129 

•  • 

Lowmoor  „     C.B.     .. 

49-00 

7-39 

7-554 

•  • 

( 

1) 

(2) 

(3) 

(4) 
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(182.)  Admitting  the  experiments  on  specimens  whose  height 
is  double  the  diameter,  col.  1,  as  the  more  correct,  the  mean 
resistance  of  cast  iron  to  crushing  may  be  taken  at  43  tons,  or 
96,320  lbs.  per  square  inch,  and  the  mean  tensile  strength,  in 
coL  2,  being  7-142  tons,  or  16,000  lbs.,  the  ratio  becomes 
practically  6  to  1. 

It  will  be  observed  that  there  is  great  variation  in  the 
crashing  strength  of  cast  iron,  as  shown  by  coL  1,  Devon  being 
64-92  and  Lowmoor  25 *  198  tons,  giving  a  ratio  of  2*  57  to  1  *  0. 
The  mean  crushing  strength  being  100,  the  maTimum  =  156, 
and  the  minimum  =  61 ;  the  effect  of  re-melting  is  shown  by 
col.  3  of  Table  2. 

With  the  tensile  strength  the  variation  is  much  less,  ranging 
from  10*477  tons  in  Olyde  iron  to  5 '667  with  Lowmoor,  the 
variation  being  1*85  to  1*0:  the  mean  tensiLe  strength 
being  100,  the  maximum  =  147,  and  the  minimum  =  79. 
Table  147. 

(133.)  <'  Wrought  Iron  and  SUeV'—lt  is  shown  in  (503)  that 
there  is  great  difficulty  in  determining  the  ultimate  or  absolute 
cmshing  strength  of  all  malleable  metals  such  as  wrought  iron, 
which  in  short  specimens  flow  or  spread  out  laterally  under  the 
pressure  rather  than  crush  or  break.  Wrought  iron  practically 
fuls  entirely  with  about  12  tons  per  square  inch,  the  extensions 
and  compressions  with  greater  strains  becoming  excessive,  as 
shown  by  the  diagram.  Fig.  215.  Experiments  on  the  transverse 
strength  (520)  seem  to  show  24  tons  as  the  absolute  crushing 
strain,  but  with  pillars  of  different  kinds  19  tons  per  square 
inch  agrees  the  best  with  the  results  of  experiment  (201),  from 
which  it  appears  that  the  resistance  of  wrought  iron  is  24  -7-  19 
=  1  *  26,  or  26  per  cent,  greater  in  beams  than  in  pillars.  The 
wrinkling  strain  shows  similar  differences,  namely,  104  -7-  80 
=  1  *  30,  or  30  per  cent,  greater  in  beams  than  in  pillars  (322). 

With  steel,  the  apparent  crushing  strength  under  transverse 
strains  seems  to  be  61*48  tons  per  square  inch  (507),  but  with 
steel  piUars^  52  tons  agrees  better  with  experiment  (268),  the 
difference  being  61*48  -7-  52  =  1*18,  or  18  per  cent. 

This  difference  of  resistance  to  crushing  in  beams  and  piUars 
is  remarkable,  but  admits  of  explanation.     In  a  short  pillar 
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erazy  put  of  tha  oroworttOB  ii  aqnUy  iCniBed  a 

birt  in  »  boBB  tlte  •b»tii  ii «  nucdmida  »t  the  odgs  of  tte  Ml 
•ad  it  m|ip<Med  to  dinuniih  fn  widiaetiMl  ntio  towanl  As 
nentnl  uii,  trium  tt  beeomw  nil,  m  dbnnt  is  (4H)  and 
Kg.  164.  Bnt  iriun  m  mon^Uzaa  b»  it  daCseiad  fcj  tiw 
faiawawB  ■♦'■■I'',  the  TniTlotMn  ushiro  of  the  natd  ommm  it  to 
yi^  w  moeli  nndar  &e  iMTimmn  jwaro  et  tha  nmoteod^ 
that  baftvier  ttaiiM  ue  thmra  « the  nit  of  die  notioB.  IVir 
aatMBpIet  Fig.  80  is  tha  wotioo  balov  tiie  nentnl  uia  of  a  hw 
flf  uy  material  i^wm  nuodmnm  retiitanoe  to  andaag  wt 
A  ■■  19  bna  p«  aqtMre  Indi,  Aenibm  9^  tens  st  B,  4{  «t  0, 
d»,  the  mean  of  the  whole  bdag  «  9(  tou.  Let  Fig.  81  ha  • 
sbUlMr  beam  where  the  maxinnm  -  31  tcnii  Aa.,  the  mean  «f 
the  whole  being  IS  tons.  Now  let  Fig.  8S  be  anothei  beam 
whose  nstitanee  St B  =  14^t<»u:  it,  thawfaettha  leeirtaTica  is. 
propcvtionBl  to  the  distaaoe  from  flu  nentrsl  axis,  it  dumld  bs 
39  tons  st  A,  bnt  if  we  allow  thai  tha  metal  than  eompeoaws 
exoesBivelj,  as  in  diagram.  Fig.  216,  imti]  itia  rednoedto  19  tons, 
we  then  have  a  double  series  of  strains  as  in  the  figure,  the 
mean  of  the  vtole  being  12,  as  in  Fig.  32.  It  will  now  be 
obserred  that  Fig.  82  gives  the  same  mean  crashing  strain  with 
19  tons  maximnm,  as  Fig.  31  gave  with  24  maximnm:  the 
apparent  mBximnm  strain  in  Fig.  32  is  24  faxia,  although  the  real 
masimiim  =  19  tons  only :  see  (504). 

In  confinnation  of  this  reasoning  it  should  be  observed  that 
with  cast  iron,  which  mn'ntninH  comparative  uniformity  in  its 
oompresdon  under  cmBbing  strain,  as  shown  by  the  diagram, 
Fig.  215,  the  crashing  strength  is  the  same  in  pillars  as  in  beams, 
namely,  43  tone  per  sqnare  inch. 

(134.)  "  Timber."— TMe  32  gives  Mr.  Hodgkinson's  experi- 
ments  on  the  crashing  strength  of  vsrions  kinds  of  timber :  the 
resolta  in  ooL  2  were  a  mean  of  abont  S  experiments  on  i^lindeis 
1  inch  diameter  and  2  inches  high,  with  flat  ends,  ths 
woods  being  moderately  dry  or  in  the  ordinary  state.  Col.  1 
were  spaoimens  turned  to  the  sizes  and  kept  drying  in  a  warm 
place  for  two  months:  the  lengths  of  these  specimens  were  in 
some  cases  1  inch  only,  being  oqoal  to  the  diameter,  which  wonld 
increase  the  strength  a  little  (129). 
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Tablb  33. — Of  the  Strbnoth  of  Timbbb  tu  Bbsist  Cbobhino 
Stbaimb,  in  Lbs.  and  Tons  per  Sqture  loch. 


Alder  ..  .. 
Alfa  ..  .. 
Baj-wood  .. 
Beeeh  .  .. 
Birch,  Engliih 

„      American 
Box       ..      .. 
C«di»r     ..      .. 
Onb-treo 
Desired 

„  white  .. 
Elder  ..  .. 
Elm  ..  .. 
Fir,  Spruoo  .. 
fiombeuD 
H  ohoi^iiv  . . 
Omk,  EnglUb 

„      tiuebw 

„  Unnlxio 
Pine,  pitch  .. 
„     yellow.. 

Plnm     ..  .. 

Poplar  ..  .. 
Sycamoro 

Teak      ..  ,. 

Walntit..  .. 
WiUow  ,.      .. 


7,a8 
5.363 

6.402 


10,493 
5.124 
9,207* 

12,101 


6,840 
e,7bO 
5,410 

e,4B7 
S,3ti7 

4,1IG 

S,l41 


■  CUcnUUd  tltom  On  gamal  imtlo  oT  Ibe  <ip*rtmeDta  In  ODlniniii  1  uid  1.  whlcb  1* 


The  eSect  of  the  drying  prooeea  on  most  kinda  of  wood  U  to 
inoreMe  the  onishuig  Btrength,  TBtying  from  nothing  with  bay, 
nuhoguiy,  mnd  pitch-pins  to  2  - 11  with  willow,  oot.  5  :  the  moan 
increase  for  the  29  kinds  of  timber  la  I '30,  or  30  per  cent. 
In  several  oases  indicated  by  a  '  the  experiments  were  made 
with  the  wood  in  one  of  the  states  only :  in  those  oases  the 
strength  in  the  other  state  was  calcolated  by  the  general  ratio 
ltol-3,&c. 


Tuu  S8.— W  tiw  SnomcB  rf  ArwE,  &□.,  t 
Biuni  fai  Lte.  ud  ToH  per  Sqii 


Elnd  at  sunn,  fts. 


Gnnite,  Horm  . .     . . 

„       Dartmoor    . . 

Petuthud,  Bed  . . 

„      Aberdoen,  Bluv . . 

,,       PctvrboaJ.BluB. . 

_       Ponrliyn     . .     . , 

„        Ptterbead    . .     . , 
I  ,,       ComUh        . .     . . 

„       Aberdeen,  Bine  . . 
Cragleitb  (Sandatono) 

Portiand  (Oolit'u)      . .     . . 

Pulbeok      

Yolk  pavinij:  (SuidxtoDe)  ■ . 
„    Cromwell  Bottom 

Hmnbid  (Sandatuou) 

Whitby 

Marble,  White  Italian 
,,      Vcinod      „ 
„      StutuBiy 
„      Whil«  Italian 
„      BUuk  Brabunt 
„      Bed  Devooabire 

Bed  Saudstone  . .     . . 

Chalk 

6late,  Valentin  . . 

Bnuuley  Fall  Bandstono  ■ . 

LimeBtoDe,  oompuot  . . 

Derby  Gtit 

OlosB 

Portland  Ccioeut,  neiit, 

dajB  old        , .     . ,      . . , 
So..  1  pnrt.  Sand  2  pAita,! 

S2  duys  old / 

Do.,  1  puTt,  Band  3  parts,! 
52dBy»old / 

Boman  Cement,   neat,    301 

(lays  old        / 

Do.,  I  part,  Band  2  parts,) 
52  days  old ] 

Conoreto  Stone,  Portlandl 
Cement  I  part,  Sand  2) 
ports,  iS  days  old 


)  10,080 
«,S20 
S,206 


6.6*5 

5.W7 
3,729 


1,900     7,778 
"  ""'     4,189 
2,240 


14,873  e 

12,275  5 

10.931  4 

10.3IH  4 

8,768  i 

7,271  B 

8,2S3  S 

case  s 

lo.su  i 


E.  Claik. 
Bi^nnie. 
4Brninab. 


SFaiibaim 
B.  White. 
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Table  38. — Of  the  Strength  of  Stone,  &o, — continued. 


Kind  of  Stone,  &c 


Concrete    Stone,   Portland  j 

Cement  1  part.  Sand  2> 

parts,  270  days  old     . . ) 

Do.,   Portland  Cement  ij 

part,  Sand  8  parts,  70 

days  old        

Do.,  Portland  Cement   1 
jMort,  Shingle  10  parts,  30 

days  old 

Brick  Cub^  in  Portland) 
Cement,  neat,  30  days 

old 

Do.,   Portland  Cement   1 
part,  Sand  2  parts,  52 

days  old       

Do.,  Portland  Cement    1 
part.  Sand  3  parts,  80 

days  old        ^ 

Do.,  Koman  Cement,  neat,\^ 

80  days  old  ..     .. 
Do.,  Roman  Cement  1  part, 
Sand  2  parts,  52  days  old 
Ordinary  Mortar 
Do.,  14  years  old     . . 
Brick,  ^in.  Cubes,  in  Cement 

M      pale  red 

red 

Payior's 

^      Burnt  extra 
Fire,      Stoarbridge 


«f 


»» 


Mud. 

mam. 

Lba. 


Mini, 
mum. 
Lbs. 


613 


417 


Mean. 


Lbs. 


1,763 


442 


276 


442 


608 


726 


829 

386 

480 

260 

521 

562 

808 

1.000 

1,441 

1,718 


Tom. 


•79 


20 


12 


20 


27 


'324 


•37 

•17 

•21 
12 
2326 
251 
361 
4464 
•647 
•77 


Anthoritj. 


B.  White. 


»» 


»» 


»» 


»» 


Claudel. 
Vicat 
E.  Clark. 
Bennie. 


(135.)  "Stone,  dc" — Table  88  gives  a  smninary  of  experi- 
ments on  the  crushing  strength  of  stone :  those  by  Bramah  were 
on  cubes  from  4  to  6  inches  square,  and  were  obtained  by  means 
of  a  12-inch  hydraulic  press,  with  which  very  accurate  results 
could  hardly  be  expected  (88) ;  however,  they  are  perhaps  correct 
enough  for  practical  purposes. 


OHAPTEB  yet  ■ 


(186.)  "  naor]r</PiSaraL"-^Thfl  thufyof  ths  itniiglii  of 
pOiUn  win  ba  moit  ohOj  nndoBrtood  1^  aaalogj  iridi  tha 
Inamtw  ttnogOt  tad  itiftiaM  of  ft  iMftm  of  thsams  dns 
•nd  "fVft*.  Is  Tig.  88'  lat  A  fw  ft  boNii  10  hot  long  tup- 
parted  tX  «ftdi  «nd  and  dafleeted  (  flxA  bj  a  oantral  load  it  s 
90  lift :  now  otnioiialj,  if  that  load  la  mmorad,  I3te  alaitiaitf  of 
tbft  beam  will  oanae  it  to  reaet  wifii  a  finee  ttf  30  Hm.  ia  the 
dbeotioB  d  tlie  arrow  B,  and  tite  qneetim  beeowea,  lAut 
boriiontal  fbmea  in  the  direetian  of  the  enowi  0, 0  will 
oonnteriwlanoe  flie  TKliaal  atiftin  El   - 

Lat  D,  X,  In  Fig.  84  he  two  roda  iimilar  to  A  in  Kg.  88  aad 
nating  on  Aa  plane  /:  fiv  the  pmpoaea  td  Maatratioii ««  waj 
BDppoae  them  to  be  jointed  by  pins  at  a,  fc,  e,  d.  Vith  a  Tertiael 
load  of  200  lbs.  at  W,  ve  have  to  find  the  horizontal  Btrain  at 
c,d;  by  the  "parallelogram  of  forces":  drawing  the  straight 
lines  ac,eb,ad,dh,we  obtain  a  parallelogram, and,  as  is  wdl 
known,  the  ratio  of  the  length  of  the  rertical  diagonal  a  (,  to 
that  of  the  horizontal  one  e  d,  is  also  the  ratio  of  the  vertiaal 
strain  to  the  horizontal  strain.  Thus,  in  our  oaae,  the  vertioal 
strain  being  200,  we  divide  a  b  into  200  equal  parts  and  thua 
obtain  a  scale,  which  applied  to  c  d,  gives  20  lbs.  as  the  h<ai- 
Eontal  strain  on  that  line,  that  is  to  say,  a  Salter's  balance 
between  c  d,  showing  a  strain  of  20  lbs.,  woold  support  the 
vertical  load  W  =  200  lbs. 

In  Fig.  86,  the  two  pillars  are  separated  simply  for  the 
pnrpoee  of  analysts,  and  we  have  two  similar  pillars  F,  O,  &o„ 
eaoh  loaded  with  100  lbs.,  or  half  the  ftmner  load.  The  stittin 
shown  by  the  Baiter's  bEdanoe  at  e  d,  acted  in  hoik  directions, 
therefore  sabstitnting  weights  u,  w,  as  in  Fig.  36,  we  shall 
require  20  lbs.  for  each.  We  thns  find  that  a  beam,  as  in 
Fig.  33,  10  ftet  long,  deflected  ^  foot  by  20  lbs.  will,  when 
unloaded,  react  vrith  20  lbs.,  and  cause  a  horiaontal  stnun  of 
100  lbs.  in  the  direction  of  the  arrows  G,  0,  and  as  shown  at 
V,  W  in  the  figure. 
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(137.)  Fran  Has  we  obtain  a  general  law  oonnecting  the 
Wtical  with  the  horusontal  Btrains,  and  we  find  that  if  ^e  take 
a  bar  of  any'  given  length  resting  on  endnrapports,  and  observe 
tibe  oentnl  deflection  with  a  certain  transverse  central  load,  we 
cm  calculate  the  equivalent  load  acting  longitudinally  and 
straining  the  same  bar  as  a  pillar  by  multiplying  the  transverse 
kad  by  the  length  of  the  beam,  and  dividing  the  product  by  four 
times  the  deflection.  Thus,  in  our  case,  20  x  10  -r-  (^  X  4)  = 
100 :  hence  we  have  the  general  rule : — 

(138.)  W  =  wx/-T-(8x4). 

In  whidi  W  =  the  load  on  the  pillar  in  lbs.,  tons,  <&c. 

to  =  the  transverse  load  in  the  centre  of  the  same 

bar  and  in  the  same  terms  as  W. 
8  =  the  deflection  in  inches  produced  by  lo. 
I  =  the  length  of  the  pillar  and  beam,  in  inches. 

(189.)  As  an  example  of  the  application  of  the  rule,  we  may 
tal^  a  pillar  of  Dantzic  oak,  say  1  inch  square  and  12  inches 
long.  Mr.  Hodgkinson  gives  as  the  result  of  his  experiments 
the  rule  24542  x  S'-f-L'  =  W  for  pillars  of  that  material  with 
both  ends  flat.  Here  24,542  lbs.  is  the  theoretical  breaking 
weight  of  a  pillar  1  inch  square  and  1  foot  long,  as  due  by 
flexure,  neglecting  incipient  crushing  (168).  Now,  by  Table  67, 
a  beam  of  Dantzic  oak  1  inch  square,  1  foot  between  supports, 
loaded  transversely  with  the  safe  or  working  load  of  71  lbs., 
deflects  '026  inch,  which  by  our  rule  (138)  is  equivalent  to 
71  X  12  -f-  (-026  X  4)  =  8192  lbs.  longitudinaUy,  straining 
the  bar  as  a  pillar,  this  strain  being  in  the  centre  line,  or  the 
pillar  having  both  ends  pointed,  and  is  that  due  to  flexure  only, 
as  in  Mr.  Hodgkinson's  rule.  By  (149)  we  obtain  for  the 
same  pillar  with  both  ends  flat  8192  x  3  =  24576  lbs.,  which 
is  almost  exactly  24,542  lbs.  as  given  by  Mr.  Hodgkinson. 

(140.)  But  it  will  be  observed  that  we  have  taken  the  safe 
iransTcrse  load  of  71  lbs.,  and  the  corresponding  deflection, 
whereas  Mr.  Hodgkinson's  rule  gives  the  breaking  weight.  It 
is,  however,  a  theoretical  law  with  pillars,  that  a  load  which 
will  produce  the  smallest  deflection  will  equally  produce  a 
greater,  sufficient  to  break  the  pillar  by  flexure. 

Thus,  let  us  take  a  beam  of  any  material  whose  elasticity  is 


pesfeolk  that  is  to  mj,  one  in  ivbicii  flie  ddJneliflBe  ate  nmpl j 
ptopoa^kmtl  to  flie  ■Indoi^and  Mjf  S^mI  or  60  inolies  lon^ 
ddieofted  1  ineh  by  10  Umu  in  ibe  oenface: — Uma  bj  the  nde 
(188)  &»  equfftknl  loud  m  m  pilhr  will  be  10  X  60  -^  (1  x  4) 
m  150  Uml  Ik  wonld  be  the  Mine  with  en j  oOier  tranefene, 
loed  and  oomqKmding  dafleolion ;  for  imitMioe,  wifli  90  Iba.  in 
the  oentie^  the  defleetion  would  evidently  be  2  inehee^  and  W 
woiildbe90x60-f-(2x4)al80  UMLaaJb^ffe.  Ifwetake 
an  ertremely  small  deABefcion,  say  j^tri^  <^  *>^  mdtkf  tiie 
tiaDSTcne  load  prodnoing  that  defleofcion  would  eridently  be 
,  tM^  ^  *  poond,  and  the  rule  would  give  *01  x  60  4- 
(001  X  4)  «  IM  Iba.  aa  befine. 

(14L)  Thia  iSust  oondiietB  ns  to  two  remazkaUe  laws : — lat 
As  the  amalleat  poaiible  defleetion  of  thia  pillar  zeqniieB  a 
loiigitiidinal  strain  of  160'lba  to  piodnoe  it|  it  fbllows  that 
less  than  160  Iba  woidd  not  pfodnoe  any  defleetion  whatever, 
bat  the  pillar  would  be  perfeetly  rigid  and  unyielding  nntil 
that  load  was  laid  upon  it  2nd.  That  as  150  lbs.  will  with 
equal  ease  prodnoe  a  deflection  of  -njVi^th  of  an  inch— or*  1  inch 
— or  any  other  amount,  it  follows  that  when  150  lbs.  are  laid 
on,  the  pillar  will  not  only  bend,  but  will  go  on  inoreasing  in 
flexure  until  it  breaks. 

(142.)  Such  is  the  theory ;  Mr.  Hodgkinson  found,  however, 
by  experiments  on  various  materials,  that  these  laws  do  not 
hold  good  in  practice,  and  that  instead  of  a  pillar  showing  no 
signs  of  bending  until  a  certain  load  is  laid  on,  and  then 
suddenly  bending  and  breaking,  he  found  that  there  is  no 
weight,  however  small,  that  does  not  produce  a  slight  flexure, 
which  increases  progressively  as  the  load  is  increased  until  the 
breaking-point  is  attained. 

(143.)  Another  remarkable  result  of  Mr.  Hodgkinson's  ex- 
periments was,  that  the  deflection  of  a  pillar  on  the  point  of 
breaking  by  flexure  is  very  much  less  than  that  of  the  same  bar 
broken  by  a  transverse  strain.  For  instance,  a  pillar  of  Dantzio 
oak  If  inch  square,  and  5*04  feet  long,  broke  with  a  deflection 
of  *48  inch  only.  Calculating  the  ultimate  deflection  with  a 
transverse  load  by  the  rules  in  (695)  and  taking  the  value  of  M 
from  col.  2  of  Table  67  at  -198,  we  obtain5-04'  x  *198-f-l*75 
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=  2*9  inches,  or  about  6  times  the  ultimate  deflection  of  the 
same  bar  as  a  pillar. 

A  pillar  of  wrought  iron,  10  feet  long,  and  practicallj  3x1 
inches,  failed  with  a  deflection  of  *  6  inch  only.  Calculating 
the  deflection  under  a  transverse  load  for  the  "crippling" 
strain  only  (373)  we  obtain  10'  x  *  035  -7-  1  =  8  *  5  inches,  or 
about  six  times  the  ultimate  deflection  as  a  pillar.  But,  in  fact, 
the  ultimate  deflection  of  all  pillars  is  very  irregular  and  un- 
certain, for  example,  with  two  pillars  7^  feet  long,  3x1  inches, 
although  the  breaking  weights  were  nearly  the  same,  one  failing 
with  29,572  lbs.,  and  the  other  with  29,666  lbs.,  the  ultimate  de- 
flection was  *  39  inch  in  one  case,  and  *  08  inch  only  in  the  other, 
the  ratio  for  two  precisely  similar  pillars  being  about  5  to  1. 

With  cylindrical  cast-iron  pillars  the  same  anomalies  were 
found  to  prevail,  the  ultimate  deflection  being  very  small,  and 
very  irregular. 

(144.)  With  materials  whose  elasticity  is  imperfect  (688)  the 
ultimate  deflection,  or  that  with  the  breaking  weight,  is  much 
greater  in  proportion  to  the  load  than  the  deflection  with  a 
small  load  such  as  would  occur  in  practice,  as  is  shown  by 
col.  8  in  Table  67,  which,  combined  with  the  fact  that  the 
ultimate  deflection  of  pillars  is  very  small,  seems  to  show  that 
in  calculating  the  strength  of  a  pillar  from  the  transverse 
strength  and  stiffiiess,  a  small  load  and  corresponding  deflection 
should  be  taken  as  a  basis,  rather  than  the  ultimate  deflection 
with  the  transverse  breaking  weight.  The  connection  between 
the  strength  of  pillars,  and  the  transverse  strength  and  deflection 
of  the  same  materials,  will  be  considered  more  at  large  in  (296). 

(145.)  *^  Effect  of  Diameter  and  Length." — ^We  may  now 
search  for  the  laws  by  which  the  diameter  and  length  of  pillars 
govern  their  strength. 

1st  for  the  length : — say  we  take  the  same  beam  as  before 
(140),  but  of  double  length,  namely,  10  feet,  or  120  inches.  It 
is  shown  in  (659)  that  the  deflection  of  a  beam  loaded  trans- 
versely with  a  constant  weight,  is  directly  proportional  to  the 
cube  of  the  length,  or  L': — in  our  case,  the  length  being 
doubled,  and  2*  being  =  8,  we  shall  have  8  inches  deflection,  or 
eight  times  the  deflection  due  to  the  length  of  1  foot    Then, 

H 


hy  tiie  nle  In  {188)  tiw  eqtdnlMil  loB^titadbwl  tMn  m  a 
pUkr  win  be  10  x  I304-(8  X  Ij-ST'S  lbs,  vbkb  it  1th 
of.  the  load  bcnie  b^  the  iiflW  6  feet  long.  Agiin,  tlM  d^o- 
tfoD  of  a  heam  flf  I»lf  the  lei^th,or  SOinohea,  iroiildi  t^tha 
■ame  iiwiiiiiina.  be  ( ineh,  aad  the  aiVEOgfii  aa  a  pillai  10  x  80 
-rii  X  4)  1=  eOO  Iba.,  iriudi  ia  fon  timM  the  atangth  of  tin 
.(-&ot  piUar,  and  16  timaa  the  itnogdi  of  the  10-fiwt  pillar. 
We  thus  &^  that  the  attengUi  of  jriUaz*  i>  imanelf  {Of^Ko- 
tunul  to  the  agaora  of  the  loigth: — liuia  wiHi  lengtba  in  Aa 
ntio  1,  a,  4,  the  atrengtha  am  in  the  ntio  1,  ^  tV< 
.  (116.)  Bearohing  now  br  the  pcnrer  of  the  diiineter  (m  nde 
of  a^nan  pillan) : — nj  ire  Ukt  a  beam  6  feet  long,  loaded  ■■ 
befue  with  10  Ifaa,  fto^  bnt  3  inohea  aqaave.  Then,  If  (669), 
the  defleotion  with  a  oonatani  tianafenn  load  ia  iatwrae^  aa 
iP  X  b.  or  in  onr  oaae,  S*  x  2  «  16,  benee  die  defleetua  of  the 
l-inoh  beam,  being  1  inoh,  that  of  the  3-iaeh  beam  wQ]  be  ^^tti 
of  an  inoh,  utd  the  atoength  aa  a  pillar  10  x  60  -;-  (i^  x  4)  = 
2100  lbs.,  whioh  is  16  times  160  lbs.,  the  atrei^  of  a  1-incb 
Bqnare  pillar  of  the  eome  length. 

Again,  with  a  beam  of  tbo  same  lengtb,  but  3  incbes  aqnare, 
ve  have  3'  X  3  =  61,  and  instead  of  1  incb  deflection,  as  witb 
a  beam  1  inch  stinare,  we  have  ^t  part  of  an  inch  with  the 
S-incb  beam,  and  the  Etrength  as  a  pillar  beoomoe  10  X  60  -^ 
(bV  X  4)  or  10  X  60  X  81  -^  4  =  12160  lbs.,  which  is  12150  -i- 
150  =  81  times  the  atreng&  of  the  same  pillar  with  a  length  of 
1  foot.  We  tbne  find  that  the  strength  of  pillars  is  directly 
proportional  to  the  fonrtih  power  of  the  diameter,  or  side  of 
square,  for  1*,  2*,  and  3*  =  1,  16,  and  81,  and  this,  as  we  have 
shown,  is  the  ratio  of  the  strengths  of  the  pillais  of  those 
respective  sizes. 

(147.)  Combining  these  results  we  find  that  the  strength  of 
pillars  is  proportional  to  d*  -H  M  By  the  same  reasoning  the 
strength  of  rectangular  pillars  will  be  proportional  to  d*  x  6  -r- 
L*,  in  which  d  is  the  depth,  or  smaller  dimenBion  and  b  =  the 
breadth  or  greater  dimension  of  the  pillar. 

These  theoretical  laws  aboold  be  correct  for  all  materials, 
but  the  experimental  researches  of  Mr.  Hodgkineon  have  shown 
that  timber  pillars  alone  follow  those  laws  exactly,  Thoa,  with 
cast-iron  pillars,  be  fonnd  the  strength  to  be  proportional  to 
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d""  -f-  L**^  in  the  case  of  pillars  with  both  ends  pointed,  and  to 
cP" -7-  L'  "^  in  those  with  both  ends  flat :— for  practical  purposes 
a  mean  between  these  extremes  may  be  taken  for  all  modes  of 
bearing  at  the  ends,  and  we  obtain  the  law  cP*  -7-  L^ ^  For 
wronght-iron  and  steel  pillars,  the  experimental  law  is  d^'^  -f*  L'. 

(148.)  The  effect  of  this  divergence  of  the  experimental  from 
the  theoretical  law  is  very  considerable : — thus,  if  the  strength 
of  a  pillar  1  inch  diameter  =1-0,  then  another,  of  the  same 
length,  &c^  but  6  inches  diameter,  would,  by  theory,  have  a 
strength  of  6^  =  1296,  whereas  by  the  experimental  ratio  it 
would  be  6»  •  =  633  only,  or  about  half, 

Again,  as  to  the  length  : — say  we  have  a  pillar  10  feet  long 
whose  strength  =  1*0,  then  the  same  pillar  with  a  length  of 
1  foot  would,  by  theory,  have  a  strength  of  10'  =  100,  but  by 
the  experimental  ratio  it  would  be  10^'^  =  50  only. 

It  will  be  seen  from  this  that  it  is  impossible  to  give  general 
**  ratios  "  for  the  strengths  of  pillars  of  different  materials,  which 
will  be  correct  for  all  diameters  and  lengths.  Mr.  Hodgkirson 
has  given  a  series  of  numbers  as  the  ratios  of  strength  for  cast- 
iron,  wrought-iron,  steel,  and  timber  pillars,  but  these  are 
simply  misleading,  for  if  they  are  correct  for  a  particular 
diameter  and  length,  they  must,  of  necessity,  be  incorrect  for  all 
other  dimensions. 

(149.)  «'  Effect  of  Form  at  the  Ends.''— One  of  the  remarkable 
results  of  Mi,  Hodgkinson's  experimental  researches  was  to 
show  that  the  strength  of  pillars  is  potentially  governed  by  the 
character  of  the  bearings  at  their  ends :  it  was  found  that  a  long 
pillar  of  any  material  with  both  ends  flat  and  well  bedded, 
being  pressed  between  two  perfectly  parallel  planes,  had  a 
strength  3  times  that  of  a  similar  pillar  with  both  ends  pointed 
or  rounded,  so  that  the  strain  was  exactly  in  the  axis.  It  was 
also  found  that  with  one  end  flat  and  the  other  pointed,  the 
strength  was  an  arithmetical  mean  between  the  other  two. 

We  have,  therefore,  the  ratios  1, 2,  3  for  the  strength  of  three 
similar  pillars — with  both  ends  pointed — one  end  pointed  and 
one  flat — and  both  ends  flat  respectively.  That  these  ratios  are 
practically  correct  may  be  shown  by  the  tables  in  this  chapter. 

Thus,  in  Table  44,  pillars  of  wrought  iron  7*56  feet  long 
1*02  inch  diameter  failed  with   1825,  8355,  and  5280  lbs. 

H  2 
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ntfMlMfy, tin itOohOagpiMjBMiir  1,2,6.  OOMfS'M 
<M  loog  wd  abtmt  103  iatt  diuMtar,  ftllod  iritii  8988, 8187> 
«d  1!^990  Urn.  nspsothrelr,  whieb  h  n&et  in  mxdmb  of  flw 
nliol,S,8. 

mth  Heel.  Dm.  38  io  80  in  tiw  mum  ttX^  m  bva  in 
ooL  6  BmnlMn  neulr  in  the  ntio  ,1, 9, 8,  wliioh  mmld  ioiw 
followed  tiba  kw  efanort  etM%  but  for  ttie  &ot  tha  Noe.  39 
Mid  80  lecitnied  oomotim  bs  ine^ient  eraihing  (168). 

Fot  Dutaie  oek,  In  eoL  7  <tf  TeUe  87.  we  lure  8197,  6109, 
ead  9685  Ibin  lAidi  ere  na«l7  in  the  mio  1.  9,  & 

With  caitjnn piUu* TeUe  48  ahowe  mwOurenUi:  time 
«™'I»'''"e  Not.  1  ud  18,  we  h»TC  in  ooL  6, 118  end  487  Ibe., 
whem  the  ntio  ihonld  be  1  to  8 : — Agiin,  in  Noe.'  3  ud  H,  we 
have  1903  ud  6388  Ibe.  when  die  aeme  tstio  ■hoold  hsve 
pnniled.  In  theaa  owee,  howerar,  the  diameten  of  flie 
pillen  oompeittd  with  one  enotiter  eie  not  preoinlf  identioel, 
whieh  mkjraoootmt  in  pert  for  tite  dlnvgceaoe  of  the  eiperinMnfe 
from  the  standard  ratio  1  to  8. 

(150.)  It  will  be  evident  from  all  this,  that  it  is  highly 
expedient,  wherever  poBsibie,  to  seonre  flat  ends  for  pillars  : — 
with  oast  iron  this  is  easily  done  by  casting  sole-plates  at  both 
ends,  bat  even  then  great  care  should  be  taken  that  they  are 
well  bedded  and  guarded  &om  the  efiects  of  tineqaal  settlement 
uf  foundations,  &c. 

Connecting-rods,  with  jointed  ends  as  usual,  most  be  r^arded 
as  pillars  with  both  ends  pointed  (204). 

The  piston-rod  of  a  steam-engine  may  be  taken  as  a  pillar, 
flat  at  one  end,  where  it  is  connected  to  the  piston,  and  farther 
steadied  by  the  gland:  the  upper  end  behig  jointed  at  the 
oroBB-head,  is  assimilated  to  a  pillar  with  pointed  end. 

(151.)  "  Oatt-iron  PiUars." — ^Mr.  Hodgkinson's  experiments 
have  snpplied  very  full  information  on  the  strength  of  pillars 
of  cast  iron ;  for  solid  cylindrical  pillars  we  have  the  f<[dlowi&g 
general  rules : — 

(152.)  P=  MpXl>"-^L''. 

(153.)  D=  »y  (Px  L'-'-rMp). 

(154.)  L  =  ':?  (Mp  X  D"'  -j-  P). 

(156.)  M,  =  P  X  L>' -^ D". 
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In  whicli  F 
D 

L 

Mp 


the  breaking  weight  of  the  pillar  by  fleznre 
in  lbs.,  tons,  &c.,  dependent  on  Mp. 

the  diameter  of  the  pillar  at  the  centre,  in 
inches. 

the  length  of  the  pillar  in  feet. 

constant  multiplier,  the  value  of  which  is  given 
in  Table  34. 


Table  84. — Of  the  Value  of  Mp.  being  the  Theobetical  Breaking 

Weight  of  Pillabs,  1  Foot  long. 


MateriaL 


Wwagbt  Iron  (J^, 
jlbB. 


Sted 


DM,taioO«k..g^ 


Bed  Pine      . . 
Canadian  Oak 

Aah 

A^eecu  .  • 

Pitch  Pine  . . 
English  Oak 

Biga  Fir      . . 
L&ich. .       • . 
Kernel  Deal 
£lni     • .     .  • 
Willow 
Cedar  ..     .. 


lbs. 


»» 
» 

n 
»t 

w 

»t 
»» 
t» 


Cylindrical  PUlara. 


Both 

Ends 

Puinied. 


33,000 
14-73 

95.848 
42-79 

108,500 
48*44 

6,000 
2-68 

5,333 
2-38 

11,150 

8,520 

8,360 
7,933 
7,773 
6,222 
5,600 
5,440 

5,200 
4,108 
4.087 
3,154 
2,600 
2,247 

(I) 


One  Flat, 

One 
Pointed. 


Both 
Ends 
Flat. 


66,000 
29-46 

197,700 
88-26 

217,000 
96-88 

12.000 
5-36 

10,666 
4-76 

22.300 

17,040 

16,720 
15.866 
15,546 
12,444 
11,200 
10,880 

10,400 
8.216 
8,174 
6,308 
5,200 
4,494 

(2) 


99,000 
4419 


Square  and  Rectangular. 


Both 

Endd 

Pointed. 


One  Flat, 

One 
Pointed. 


56.100 
25 


112,200 
50 


299,620162,900  836,000 
133  8  72-74   150 


325,500 
145-3 

18,000 
8-04 

16,000 
7-14 

33,450 

25.560 

25,080 
23,800 
23.319 
18,666 
16,800 
16.320 

15.600 

12,324 

12,261 

9,462 

7,800 

6.741 

(3) 


184.400368,900 


Both 
Ends 
Flat. 


82-35 

9,000 
402 
8,000 
3-57 
16,730 
12,780 

12,540 

11.900 

11,660 

9,333 

8,403 

8.160 

7,800 
6,162 
6,130 
4,781 
3.902 
3,370 

(O 


164-7 

18,000 
804 

16,000 
7- 14 

33,460 

25,560 

25,080 
23.800 
23,320 
18,666 
16,806 
16,320 

15,600 

12.324 

12,260 

9,462 

7.804 

6,740 

(6) 


168,300 

75 
498,500 

223 
553,300 

247 

27,000 
12-06 

24,000 
10-71 

50,190 

38,340 

37,620 
35.700 
34.980 
28,000 
25,209 
24,480 

23,400 
18,486 
18,390 
14.193 
11,706 
10,110 

(e) 


(156.)  •*  HoUaw  Cast-iron  PiUars"— For  hollow  pillars,  in- 
gtead  of  D"S  we  have  D^ •  -  d'*,  in  which  D  =  the  external, 


Ul2  PIIJ.ARS  :  powE 

'r*m.E  35.— Of  the  PuwEE 


3  OF  NTJIBKBa    FOB. 
of  NcMEBBa  for  Pillahs,  4c 


-N 

N" 

N" 

N"" 

N 

N'-« 

N" 

jjj. 

5  J 

15-8 

8«^1 

502 

"i 

'loss 

■oiw2 

■omiS 

H 

16^4 

91'1 

543 

i 

■20«2 

■0781 

■(12113 

5J 

17-0 

100 

587 

I 

■3209 

■iiai) 

■CS25 

a 

I7-G 

105 

G83 

i 

-17H 

■2940 

■1S42 

e 

lS-2 

68S 

1 

■G.1U 

■4733 

■3550 

e 

IS-8 

117 

733 

il 

-so;? 

-7067 

■6If4 

B 

19-3 

128 

7S7 

100 

I'OO 

1-00 

6 

200 

im 

844 

u 

1-21 

1  S3 

0 

20-6 

IHM 

It 

I43 

^79 

220 

6 

21-2 

H3 

967 

1) 

lee 

2-28 

3^15 

» 

21-8 

l.iO 

1U.S3 

it 

1-31 

2' 87 

4-3U 

' 

22-5 

157 

1H>2 

1) 

21!' 

3-54 

574 

7i 

23-2 

ins 

1175 

i» 

2-43 

1-28 

7-50 

'i 

23-8 

17Z 

1251 

u 

2-73 

S  IS 

B-111 

71 

24-5 

181 

1330 

3-03 

eoe 

12-1 

7t 

251 

I8S 

1413 

^ 

S'31 

7-08 

lS-1 

?! 

25-8 

108 

ISOO 

al 

B-eu 

8-29 

la-s 

S6-4 

29S 

139<1 

4'00 

9' 50 

22^5 

n 

271 

214 

insfi 

i--da 

10'8 

2M 

« 

27-8 

223 

1783 

i-rs 

12-3 

32-3 

f^ 

28-5 

2a2 

1882 

S-OI 

ia-8 

3S-2 

H 

29-2 

1992 

643 

15-6 

44-8 

^i 

BO-0 

251 

2UP2 

e-60 

17-4 

52^2 

4 

80-6 

26(1 

2218 

6>20 

19^* 

60^5 

81 '4 

270 

2338 

3 

6G0 

21-4 

69-8 

322 

281 

24«2 

7-00 

2:l-8 

79-8 

32-9 

292 

2591 

7-42 

■26 '0 

»09 

9 

33'6 

302 

2724 

7 '64 

28'4 

103-0 

It 

844 

313 

2863 

8 

8-2» 

31-1 

116 

35-1 

325 

3007 

aj 

8-78 

33 -B 

131 

a 
0 

35-9 

337 

3158 

9-19 

36-7 

J47 

3ti'7 

348 

3310 

S-frl 

39'7 

164 

0 

37'4 

3G0 

3470 

10- 1 

42-9 

1B3 

38-3 

373 

3t>34 

4 

100 

4C-4 

203 

8i         39  0 

385 

3805 

11-1 

49'8 

22S 

10 

39'8 

393 

3981 

*i 

11-6 

53'6 

248 

10* 

41-3 

423 

4351 

4 

12-1 

576 

273 

10) 

42-9 

452 

4746 

*i 

12-6 

61-5 

3(H) 

10} 

44-7 

480 

5165 

lai 

(|6'7 

S28 

4G-4 

510 

56il 

^i 

13'« 

359 

11) 

48-1 

541 

C083 

4 

14-2 

74-5 

391 

"I 

49'6 

573 

6584 

» 

H-7 

7B-1 

426 

Hi 

SI'S 

605 

7115 

H 

16-8 

&I-9 

463 

12 

533 

640 

7B7a 
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and  d  =  the  internal  diameter,  and  the  rest  being  as  before,  we 
have  the  roles : — 


(157.) 
(158.) 
(159.) 


L  =  'y  {Mp  X  (jy-'  -  d^")  -f-  f}. 

Mp  =  F  X  L>-^  -1-  (D»  •  -  cP  •). 


It  should  be  clearly  understood,  that  these  rules  give  the 
breaking  load  of  long  flexible  pillars,  or  those  whose  length  is 
so  great  in  proportion  to  their  diameter,  that  they  will  fail  by 
bending  simply.  Short  pillars  require  correction  for  "In- 
cipient Cruidiing,"  as  explained  and  illustrated  more  fully 
in  (163). 

(160.)  Tables  35, 36  give  the  3  •  6  and  1  •  7  powers  of  numbers 
to  facilitate  calculations  of  the  strength  of  solid  and  hollow 
pillars  of  cast  iron,  wrought  iron,  and  steel: — Thus,  say  we 

Table  86 — Of  the  1*7  Power  of  Numbers  for  Calculating  the 

Strength  of  Pillars. 


Length. 
L. 

Li-7 

Length. 
L. 

Ll-7 

Length. 
L. 

Ll-7 

0-3 

•129 

4 

10-56 

15 

99-8 

0-4 

•211 

4} 

11-70 

16 

111-4 

0^5 

•308 

4 

12  90 

17 

123-5 

06 

•420 

4J 

14  14 

18 

136-1 

0-7 

•545 

5 

15-43 

19 

149-2 

0^8 

•684 

5i 

1814 

20 

162-8 

0-9 

•836 

6 

21  03 

21 

176-9 

10 

1-00 

61 

24-10 

22 

191-5 

U 

146 

7 

27-33 

23 

206-5 

U 

1-99 

n 

30-73 

24 

222 

li 

2-59 

8 

34-30 

25 

238 

2 

3-25 

Si 

38-02 

26 

254 

2i 

3-97 

9 

41^90 

28 

286 

^ 

4  75 

9J 

45-94 

30 

324 

2} 

5-58 

10 

50- 10 

32 

362 

S 

6-47 

11 

58-94 

34 

401 

H 

7-42 

12 

68-33 

36 

442 

^ 

8*41 

13 

78-29 

38 

485 

Sf 

9-46 

14 

88-80 

40 

529 
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Table  87.— Of  the  Stmsoth  of  Solid  and  HcLtow  Pn.iJ.B* 
Bed-plates,  or  lay  8iile-platoi 


1 


1213 
1473 
1 135 
1481 

1810 
■2124 


85  O;  83- 1 

"5-4l  S7-7 
IM!  08  T 


I  67-8 
I  49'4 
I  71-4 
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FUbr,  In  Ftct. 


XEI 


4 

1 
1 

4 

j 

^ 

! 

1 
3 

i 

1 

^9 

1 

1 

4 

J 
1 

i'l 

2-7 

10-6 

10 -6 

:: 

3-4 

IB  ? 

^(^'1. 

1*H-H 

100 

0-0 

331 

33(1 

u-n 

K-n 

2fl 

afl-i 

?A-2 

2<i'020'(l 

S70 

■n-s 

56-0 

31-8 

41'3|4i-;:  .i'.,';i-..^    .;:.v:-i|  .. 

wo 

+-a 

sa-n 

7.'>1 

60'7G0  ;  1      ■   ■                :  I!     .. 

HO 

III) 

iir 

Wl-^ 

181 

ii.1 

laa 

112'0 

10-  -r.  n-.;-i.  ...■!. ..-■li 

.. 

IM 

Ttfl 

ISR 

Iflft 

117 

in;i 

Sa'U85-8,,71'8;7I-S 

a^^ 

IH7 

'/l)> 

IHil 

ift; 

3iU 

liKI 

litiU 

I6'i 

101 

IM 

151   131 

4?T 

?7S 

ass 

?r.4 

SI? 

w? 

111? 

isa 

«»■ 

4W 

31  fl 

■Ml 

ih: 

IMh 

tHja 

318 

400 

■lib 

sua 

254 

•£16 

218 

222 

l»l 

fi7l> 

300 

31  fi 

n« 

21)3 

7?3 

Kll 

4W 

313 

30» 

'w;-' 

718 

378 

528 

331 

403 

sua 

323 

255 

264 

225 

■iTi. 

2UI 

fi24 

440 

fl07 

Kfln 

464 

ss.n 

37? 

2iW 

304 

2BI 

253 

232 

101? 

IwK 

74f 

4K4 

568!  121 

4fl: 

371 

3V',' 

32.1 

3I( 

2HK 

llffll 

1*3 

H^a 

182 

651 

425 

524 

42; 

339 

356 

3UH 

1427 

1050   610 

HO? 

.137 

043 

47H 

524 

4K4 

4314 

379 

I«W 

mH 

1219   725 

031 

Han 

74> 

567 

m 

hill 

5o: 

446 

IMl 

MS 

IHO   579 

871 

All* 

b-08 

572 

412 

476 

378 

iim 

H?.H 

1421   Trw'llx?'  'iiVi 

7ii'  -laall  593 

478 

'mTi 

WI3 

1(560   S^:!  1-:..    :•■:  KM-   :.'■'    -..i    '..;.:'  (i9i 

568 

257H 

B3S 

1802  7>.;  1  r-    ..  .  M          ■             '•■    -ya 

647 

S?50 

IIM 

2300  lOH  -J        _:.'.■:...    :■.-    {19'! 

701 

8H41 

2825  1-^2;;  .;j'. V  ■■■inr.  i  n.  -^-i^  117S 

841 

4357 

"" 

32051418  :iH»T^»7lyt:j  1171  lU)Y0'i-^,|1337 
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TiBLB  38. — Of  EsPBHiMKSTS  on  Solid  and 


DU™««. 

Ixuph, 

So.  or 

i4- 

Fann  at  End*. 

E.^.. 

InlTDtl. 

FhI. 

1 

Two  Bodg  TOUDd  .. 

0-5 

5-04 

2 

O'ttg 

S 

I'sa 

i 

1>!)G 

s 

O'B 

2-S2 

O'lHI 

7 
8 

I 

162 

O'S 

l'2fl 

9 

0'U9 

11 

0'497 
0'77 

n-Gs 

12 

0-5 

0"315 

I      IS 

Two  eud^  flat       .. 

051 

504 

t      14 

0')«t7 

15 

l'S« 

.. 

16 

0-5 

2  52 

17 

I-OI 

IB 

0-51 

i-'ae 

19 

1-00 

20 

0-5 

0-'ii3 

21 

0-777 

23 

05 

0T115 

S3 

0-52 

0- 10(17 

21 

0-52 

n  0.^333 

25 

Too  ends  round  .. 

1-78 

1-21 

7-56 

26 

2'01 

1-415 

27 

2-2* 

1-733 

S8 

249 

89 

2-74 

2'153 

8(1 

3'Ot 

a'4S 

81 

3-36 

2-63 

82 

r78 

1-21 

4-75 

R3 

1'85 

r-Bti 

2-583 

84 

Two  enJ- flat       .. 

1'78 

1-21 

7-395 

H5 

2'Ot 

1-415 

3e 

2 '23 

1-S4 

87 

l-2ti 

0-767 

2-5208 

8& 

116 

0-7705 

1-317 

aa 

1-16 

0-932 

1-2604 

10 

„ 

1-13 

-i)l 

0  7333. 

11) 

(«) 

<3) 

(0 

W 
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II    ■• 


4 

1 

4 

1 

4 

1 

i 

1 

i 

1 

.||| 

£-j 

1 

2-7 
94 

at 

100 
«-D 

a-o 

t7-0 
IB-O 
140 
IBI 
190 
24S 
Bie 

S08 
S8i 
670 

12 
19 
26 
40 

es 

42 

82 

■7 
■4 
■4 
■0 
■0 
■0 
3 
■3 
10 
31 
S6 
87 
9» 
75 
38 
IS 
78 
84 

10-6 
16  2 
23-8 
33-0 
46-0 
35-2 
5G-0 

lit 
152 
159 
208 
268 
3S9 
428 
490 
5G3 
682 
718 
824 
1012 
1224 
1427 
ItiM 
15S1 
1932 
2777 
2S7B 
3250 
3841 
4357 

lO'G 
16' 2 
23'8 
33-6 
46-0 
35-2 
S4-B 
75' 1 
!J9'2 
133 

li 

182 
252 

803 
215 
3511 
429 
378 
440 

5se 

543 

689 
943 
(H5 
823 
BB3 
835 
1106 
1337 
1556 

33-8 

26'0 
41-3 
60'7 
87-0 
112-0 
117 
153 
197 
264 
315 
362 
413 
501 
528 
607 
743 
855 
1050 
1219 
1140 
1421 
1660 
1892 
2390 
2825 
S205 

33-8 

28-0 
41-3 

60-7 
80-7 
108 
103 
138 
154 
212 
259 
254 
300 
367 
331 
386 
484 
4H2 
610 
725 
579 
738 
885 
783 
1014! 
1223 
1418 

31-6 
16-9 
66'0 
SO'O 
89-0 
117 
151 
20a 
240 
276 

sie 

383 
403 
464 
S68 
851 
802 
931 
871 
1087 
1270 
1448 
1826 
2160 
2448 

46-9 

ee-o 
se-o 

85-8 

114 
131 

178 
217 
218 
256 
313 
289 
335 
421 
425 
537 
519 
659 

7b2 

715 

922 
1110 
IW 

25-3 

S7-8 
53-2 
68-8 
71-8 
93-9 
121 
162 
193 
222 
253 
308 
323 
372 
457 
52. 
643 
748 
698 
671 
1018 
1160 
1484 
1730 
1963 

25'-3 

^■6 
33'2 
GB'6 
71-8 

153 

186 
191 
223 
273 
265 
296 
371 
380 
478 
567 
467 
593 
709 
654 
843 
1013 

;; 

;; 

204 
304 
372 
427 
524 
608 
572 

831 
948 
1195 
1412 

lb02 

225 
261 
32(> 
339 

m 

501 
412 

532 

ss 

768 
923 

... 

222 
253 

310 
35b 
438 
507 
4T6 
593 
693 
792 
997 
1178 
1337 

201 
232 

288 
303 
379 
446 
878 
478 
568 
547 
701 
S4I 
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linve  &  caat-iron  pillar  6  inches  diameter  extorDiilly,  and 
6  inelii-'H  iutemallj,  therefore  J  incli  thick,  and  14  feet  long, 
with  Inith  ends  flat. 

From  Table  34  the  value  of  Mp  =  44*19,  say  14  tons;  from 
Table  33,  coL  i,  the  value  of  6"  =  633,  and  of  6"'  =  328; 
from  Table  36  we  obtain  88-8,  Bay  89,  for  the  value  of  L''  or 
ll''.  Then  the  breaking  weight  by  fleiore  by  rule  (157) 
becomes  44  x  (633  -  328)  -^  89  =  161  tons,  which  being  dno 
to  flesure  only,  will  require  correction  for  incipient  eruehing  as 
ehown  by  (108).  Table  37  gives  the  breaking  weight  of  solid 
and  hollow  pillars  of  cast  iron  from  Ijj  to  12  inches  diameter, 
and  from  Q  to  20  feet  long,  calculated  in  the  way  we  have 
illostratcd,  tko  result  being  there  entered  as  duo  to  flexure, 
which  is  corrected  for  incipient  crushing  in  tlie  next  column 
when  ncoeesary.  The  breuldng  weight  due  to  flexure  is  thus 
given  separately  in  order  to  adapt  the  table  to  conditions  other 
than  thuse  where  the  pillar  is  flat  at  both  ends:  thns,  the 
pillar  which  we  havo  fimml  to  hiivo  a  etrcn^jth  of  151  tons 
when  both  ends  were  flat,  would  bear  only  151  -j-  3  =  60  tons 
with  both  ends  ronndod,  and  50  X  2  =  100  tons  when  one  end 
is  flat,  and  the  other  rounded,  &c.,  correction  being  made  for 
incipient  crushing  in  «U  cases  where  necessary  (163). 

(161.)  Table  36  gives  a  selection  of  all  the  more  important 
experiments  of  Ur.  Hodgkinson  on  solid  and  hollow  pillars  of 
cast  iron,  and  in  order  to  show  the  correctness  of  tho  rules  in 
(151),  col.  9  has  been  calculated  by  them,  the  value  of  Mr 
being  taken  from  Table  34.  In  cot  7  these  results  are  cor- 
rected where  necessary  for  incipient  crushing  by  the  method 
explained  in  (163),  the  valne  of  G,  or  the  crushing  strain 
being  taken  at  49  tons,  or  109,760  lbs.  per  square  inch,  this 
being  the  strength  of  the  particnlar  iron  used  by  Mr.  Hodgkin- 
son,  as  found  by  >iini  from  direct  experiment.  The  mean 
crushing  strength  of  British  east-iron  is  43  tons,  as  shown  in 
(183),  and  this  value  should  be  used  in  ordinary  cases.  In 
col.  8  we  have  given  the  error  or  difference  between  the 
calculated  and  experimental  results: — the  sum  of  all  the  + 
errors  is  163,  and  of  all  the  —  errors,  141 '  7 ;  hence  we  have  aa 
a  general  average  result  of  the  forty  experiments  (1 63  —  141  •  7) 
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-T-  40  =  +  0  •  582,  or  ^  per  cent.  only.  It  will  also  be  observed 
that  the  range  of  the  error  is  nearly  equal,  the  greatest  + 
error  being  +  19*8,  and  the  greatest  «  error  is  —  22*1  per 
cent  (959). 

(162.)  As  an  example  of  the  application  of  the  mles  in  (157) 
to  cases  where  exact  results  are  required,  as  in  Table  38,  we 
will  take  No.  35,  in  which  D  =  2  *  01  inches,  c2  =  1  *  415  inch, 
and  L  =  7*395  feet.  We  require  logarithms  for  working  these 
rules;  then  for  D'«  we  have,  log.  of  2*01  =  0- 303196  x  3*6 
=  1*091505,  the  natural  number  due  to  which,  or  12*35,  is  the 
3*6  power  of  2*01.  Similarly,  for  d***,  we  have  log.  of  1*415 
=  0*150756  X  3*6  =  -542721,  the  natural  number  due  to 
which,  or  3  *  49,  is  the  3  *  6  power  of  1*415.  For  the  1  *  7  power 
of  L,  we  have  log.  of  7*395  =  0*868938  x  1*7  =  1*477194, 
the  natural  number  due  to  which  is  30.  The  value  of  Mp  from 
Table  34,  for  pillars  with  both  ends  flat,  as  in  our  case,  is 
99,000 :  with  these  data,  the  rule  in  (157)  gives  99,000  x 
(12*35  -  3*49)4-30  =  29230  lbs.  as  in  cobs.  9  and  7;  cor 
rection  for  incipient  crushing  not  being  necessary  in  this  case. 

INCIPIENT  OBUSHINO. 

(163.)  If  we  calculate  the  strength  of  a  series  of  pillars  with 
a  progressively  diminishing  length,  the  calculated  strain  in- 
creases as  the  length  is  reduced  until  it  eventually  becomes 
greater  than  the  absolute  crushing  strength  of  the  material. 
Obviously,  the  pillar  cannot  sustain  a  load  greater  than  the 
crushing  strain  due  to  the  area  of  the  section : — there  is  there- 
fore a  limit  to  the  shortness  of  pillars,  beyond  which  the  rules 
in  (151)  do  not  apply  without  correction.  It  might  be  supposed, 
that  down  to  a  certain  length,  the  pillar  would  break  simply  by 
flexure  with  the  strain  given  by  the  rules,  and  that  with  any 
length  less  than  that,  the  breaking  weight  would  be  simply  the 
crushing  strain  due  to  the  area  of  the  section  and  the  specific 
strength  of  the  material,  irrespective,  therefore,  of  any  further 
reduction  of  length.  But  Mr.  Hodgkinson  found  that  long 
before  that  length  was  reached  there  was  a  falling  off  in  the 
strength  of  long  pillars,  and  he  was  led  to  the  following 
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shawn  by  Table  39,  which  has  been  calculated  for  caet-iron 
pillars  by  the  rulo:^ 

(167.)     L„  = '.^(Mp  xl>'  =  -^iCr)x  12-rD. 

In  which  Lb  =  the  length  in  terns  of  the  diameter  with  which 
correction  for  incipient  cruiihitig  is  nil ;  C?  =  tlio  crashing 
strain  due  to  the  area  of  section  and  the  sj>ecific  crushing  etreugth 
of  ctiet  iron,  or  43  tons ;  Mr  =  the  multiplier  for  pillars,  given 
by  Tabic  34 ;  nnd  D  -  the  diameter  in  inches.  This  table 
nhowe  that  the  ratio  of  length  to  the  diameter  is  reduced  &a  ths 
diameter  is  increased,  in  the  case  of  cost  iron  considerably,  fmd 
still  more  so  with  wrought-iron  pillars  (202). 

Table  89. — Of  the  Lbkcth  of  CTLisriiiciL  Pillahb,  tn  terms  of 
Hie  Biameler  with  which  correction  for  "  Intipient  CrusliiDg'* 
becomes  niL 


DUmeUr. 

l^ 

IPolnlrf. 

tbidiFUt. 

.     1                     1 
Cast  Irom. 

1 
2 
3 
6 

IG'64 
16 -OS 
15-60 

2o-(H 
24-01 
23-48 
22-55 

81-78 
30-47 

29 -78 
28-00 

Wboooht  Iboh. 

1 
2 
V 
G 

MM 
8S-35 
32-62 

28  ■« 

6B-37 

50-73 
46-ft7 

40-70 

71-85 
6250 

57-68 
50-22 

Steel, 

1 
2 
3 

6 

26-U 

22-73 

ao-98 

18-27 

36-96 
32-13 

29-68 
27-0* 

45-26 

88-87 
30-84 

33-12 
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(168.)  As  an  example  of  tbe  application  of  the  role  (164)  we 
may  take  the  pillar  6  inches  diameter,  ^  inch  thick,  and  14  feet 
long,  which  we  foimd  in  (160)  to  break  by  flexure  with  151  tons. 
By  a  table  of  areas,  6  inches  =  28  *  8,  and  5  inch  =  19*6,  hence 
the  area  of  the  annnlus  =  28*3  —  19*6  =  8*7  square  inches, 
and  the  mean  cmshing  strength  of  cast  iron  being  43  tons  per 
square  inch  (132),  we  obtain  8*7  x  43  =  374  tons  for  the  value 
of  Cp.  and  374  x  J  =  280  for  |  Cp.  Then  the  rule  (164) 
becomes  Po  =  151  X  374  4-  (151  +  280)  =  131  tons,  the 
reduced  breaking  weight. 

(169.)  The  fact  (164)  that  the  correction  for  incipient  crushing 
is  necessary  for  those  cases  only  where  F  is  greater  than  ^  Cp, 
supplies  an  easy  method  of  finding  beforehand  where  it  is 
required,  so  as  to  save  the  labour  of  going  through  the  whole 
calculation.  Thus,  taking  No.  34  in  Table  38,  col.  10  gives 
148,000  lbs.  for  the  value  of  Cp,  then  i  Cp  becomes  148000  -^  4 
=  37,000 ;  by  coL  9,  F  =  19760  lbs.,  which  is  less  than  ^  C, 
therefore  the  correction  for  incipient  crushing  is  not  necessary, 
and  the  breaking  load  of  the  pillar  is  simply  that  due  by 
flexure.  Again,  in  No.  40,  col.  10  gives  Cp  =  38690  lbs.,  ^  Cp 
becomes  38690  -r  4  =  9672  lbs.,  but  F  by  col.  9  is  141,060  lbs., 
which  being  greater  than  ^  Cp,  requires  correction  by  the  rule 
in  (164)  by  which  we  obtain  32,100  lbs.  for  the  reduced  breaking 
load,  as  in  col.  7. 

The  effect  of  the  application  of  this  rule  is  in  some  cases 
remarkably  great :  for  instance  in  Table  55,  No.  9,  col.  9  gives 
10,750,000  lbs.  for  the  value  of  F,  but  Po  =  79380  lbs.  only  by 
col.  7,  or  TJ5*^  o^  F. 

The  rule  for  incipient  crushing  applies  not  only  to  cast-iron 
pillars,  but  equally  to  all  other  materials.  It  is  used  for 
wrought  iron,  steel,  and  timber  in  Tables  44, 57,  and  its  correct- 
ness is  proved  by  the  general  agreement  of  the  calculations 
with  the  experimental  results  as  shown  by  (959)  and  Table  150, 
that  agreement  being  to  a  great  extent  due  to  the  use  of  the 
rule. 

(170.)  "  Square  Pillars  of  Cast  Iron."— It  is  shown  in  (359)  that 
the  theoretical  ratio  of  the  strengths  of  square  to  round  bars, 
either  as  pillars  or  beams,  is  1*7  to  1*0,  but  the  experimental 
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ntioflwiMMWof  (Mitinniil-fito  l-0(861X«ndiram{djt 
nippoK  ttftt  tiw  MBM  ntio  would  ftpi^y  to  jdllAn  kIw^  but  Hm 
a^arimanti  m  1»tc  ■Ntn  to  ahov  tinit  &«  theo^etuftl  ntio  « 
monooneeb  Admittmg  Uw  Hieantiatl  ntio  1-7  to  1-0  we 
obtain  fbr  ■q^OHe  mi  notugolu  ^llia  tiw  modified  nines  of 
Mp  in  TiUe  84.  Patting  B  for  tbe  nde  of  the  fl^tuun  and  Uia 
twt  aa  in  (151),  we  baTS  tba  following  gananl  nil«8  for  tha 
naiatanoa  <tf  a^nan  pillanof  eaat  inn  to  fiaznra,  iireapeotiTBOf 
insipient  cnubing  (188).    SW  solid  sansre  loUan : — 

(171.)  F-Mpxfi'^-rl'^. 

(ITS.)  B  -  ^y  (P  X  I/' -i-  M,). 

(178.)  i»'y(M,xfir*-f-F). 

Ld  wbiah  S  e  tiie  side  of  the  sqnara  ^Ilar,  and  tbe  rast  as  ia 
(Iftfi).    Vat  hollow  pillan  theae  roles  beooms 

(174.)  F  =  M,  X  (ff-*  -  O  -^  ^"• 

(175.)  {S"  -  O  =  ^  X  L"  -r  Mp. 

(176.)  L  =  '7  {Mp  X  (S"  -  «")  -H  r}. 

In  which  S  =  the  Bide  of  the  square  externallj,  «  =  the  aide 
of  the  Bqnare  internally,  and  the  rest  as  before,  in  (166). 

(177.)  "  Beclangular  Pillan  of  Catt  Iron." — A  rectangular 
pillar,  other  than  gqiiare,  will  fail  by  bending  in  the  direction  of 
its  least  dimension,  and  in  that  case,  the  strength  will  be  Bimply 
proportional  to  the  breadth  or  greatest  dimension.  For  long 
pillars  failing  simply  by  flezore,  the  roles  beoome : — 

(178.)  T=MrX^'xb-i-V\ 

(179.)  (  =  "^  {f  X  L''H-(Mr  X  b]. 

(180.)  6  =  PxL"-^(M,xC'). 

(181.)  L  =  '^(MpX(*'x6-rF). 

In  which  I  =  the  thickness  or  least  dimension  of  a 


actangnlar 


b  =s  the  breadth  or  greatest  dimension  of  a  rectangular 
pillar. 
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I  ifed  the  rest  as  in  (155).   The  value  of  f'^  may  be  found  from 
:«a.  3  of  Table  35;  of  L*'^  from  Table  36;  and  of  Mp  from 
%ble84. 

For  hollow  rectangnlar  pillars  the  roles  are  modified,  and 
"Ocsome: — 

(182.)     P  =  Mp  X  [^"  X  6)  -  (<o"'  X  fto}  -rL^-'. 

C183.)     L  =  ^il  {Mp  X  {e-'  X  6]  -  [<o"'  X  h)  -r  f}. 

i*^    ^hich  t  is  the  external,  and  ^  the  internal  least  dimension 
■**        the   hollow  rectangular  pillar,  or  rather  the   dimensions 


P'^'^^^sured .  in  the  direction    in  which   the  pillar  will   fail  by 
~^^ding.     It  is  necessary  to  make  this  distinction  in  hollow 


f 


because  it  is  possible  that  the  least  internal  dimension 
not  coincide  in  direction  with  the  least  outside  dimension : — 
instance,  in  Fig.  40,  flexure  would  take  place  in  the  direction 
%he  arrow  A  rather  than  in  that  of  B ;  then  t^  =  3,  and  &o  =  ^f 
in  that  case  to  is  the  greater,  not  the  lesser  dimension.  We 
easily  determine  in  such  a  case,  in  which  direction  the 
VUlar  will  bend,  which  will  be  the  one  whore  (^**  X  6)  — 
iV*  X  ho)  is  the  least :  thus  in  Fig.  40,  we  obtain  from  Table  35, 
*?'•  =  36-7,  and  3*«  =  17-4  and  in  the  direction  A,  we  have 
(86-7  X  5)  -  (17-4  X  2)  =  148-7.  In  the  other  direction  B, 
P«  =  65-7,  and  2««  =  6-06,  and  we  obtain  (65-7  x  4)  - 
(6*06  X  3)  =  244*62,  or  pretty  nearly  double  that  in  the  other 
direction  A;  the  pillar  will  therefore  certainly  fail  in  the 
direction  A. 

(184.)  As  an  example  of  the  application  of  the  rules  in  (177) 
My  we  take  a  pillar  1^  X  7  inches,  14  feet  long,  with  both 
ends  flat :  the  value  of  Mp  from  Table  34  is  75  tons ;  of  1^^^  from 
Table  35  is  2-87,  and  of  14*^  from  Table  36  is  88-8.  Then 
F  =  75  X  2-87  X  7-4-88-8  =  16-96  tons  =  F.  This  will 
not  require  correction  for  incipient  crushing,  for  the  area  Ix^ing 
1«6  X  7  =  10* 5  square  inches,  Cp  becomes  10*5  x  ID  =  199-6 
tons,  and  }  Cp  =  49  *  875  tons.  F  being  less  than  that,  the 
oorrection  is  not  required. 

Again,  say  we  require  the  thickness  t,  for  a  pillar  9  inches 
wide,  18  feet  long,  both  ends  flat,  and  15  tons  breaking  weight. 

I  2 
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Then  Mi-  being  as  before  =  75,  and  18'^  =  131-1  by  Table  3G, 
we  hftvi-  ir.  X  131-1  -^  (75  x  9)  =  3-913,  the  nooreat  number 
to  wbich  in  ool.  3  of  T»blo  35  is  2-87,  which  is  opposite  IJ 
iDOh,  the  thichneas  rcqnired,  &c. 

(186.)  "  Ctut-iron  Pitlara  of  +  Seeii'wi."— This  form  of  pillar 
18  commonly  nawl  for  the  cotmecting-rods  of  large  etoam-enginee, 
and  not  -unfrequently  for  carrying  the  floors  of  warehonsee. 
The  Btrongth  of  such  pillars  may  ho  found  by  a  modification 
of  tho  riiloB  for  rectangnlar  pillars  in  (177).  Let  Fig.  38  be 
the  section  of  euch  a  pillar  8x8  inches,  }  inch  thick,  15  feet 
long,  with  both  cade  flat;  asauiuing  that  the  pillar  will  fail 
by  flexure  in  the  direction  of  tho  arrow  B,  wo  haTo  virtually 
tieo  pilkrs,  one  a,  n,  forced  to  bend  in  tho  direction  of  its  larger 
dimenaioQ,  flosurc  in  the  contrary  direction  being  prevented  by 
tho  ribs  c,  e.  We  Lave  in  that  case  (  =  8  inches,  and  6  =  5  inch  ; 
the  other  pillar  c,  c,  will  heud  in  the  normal  dii-ection,  or  that 
of  its    emallor  dimoneion,    (    being    J    inch,  and    6  =  8  —  | 

(186.)  By  col.  3  of  Table  35,  8"  =  223,  and  5"  =  -707  ; 
by  Table  86,  16"  =  99-8,  and  by  Table  34,  Mp  =  75.  Then 
for  a,  a,  we  have  223  x  5  =  195,  and  for  c,  c,  -707  x  7-125 
=  5 : — the  snm  of  the  two  is  195  +  5  =  200,  and  it  will  be 
ohsorrcd  that  e,  e,  adds  only  2^  per  cent,  to  tho  etrength,  being 
5  on  a  total  of  200  (243).  Having  thns  found  the  combined 
value  of  ('■•  X  6  =  200,  the  rule  in(178)becomesF  =  75  x  200 
*  -j-  99-8  =  150  tons,  the  breaking  weight  by  flexure.  In  order 
to  ascertain  whether  correction  for  incipient  crushing  (163)  is 
necessary,  we  find  the  area  of  the  section  to  be  15-23  square 
inches,  and  the  cmshing  strength  of  cast  iron  being  4S  tons  per 
square  inch  (132),  Cp  becomes  16-23  x  43  =  655  tons,  hence 
^  Gf  =  164  tons  ;  F,  or  150  tons,  being  let»  than  ^  Cp,  the  coi^ 
rection  for  incipient  crushing  is  not  necessary  in  this  case  (169), 
the  correct  breaking  weight  of  the  whole  pillar  ia  that  due  by 
flexure  simply,  or  150  tons. 

(187.)  We  found  in  (186)  that  the  cross  ribs  c.  e,  contributed 
only  2^  per  cent,  to  the  strength  of  the  pillar  Fig.  38,  hence 
there  would  he  no  appreciable  error  if  we  omit  them  altogether 
in  calculating  the  strength,  which  then  becomes  simply  that  dne 
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to  the  pillar  a,  a,  forced  to  bend  in  the  direction  of  its  larger 
dimension.  Table  40  has  been  calculated  on  that  principle. 
This,  however,  is  true  for  those  cases  only  where*  the  length  of 
the  pillar  is  so  great  that  it  fails  by  flexure  only ;  with  short 
pillars  requiring  correction  for  incipient  crushing,  the  cross 
ribs  c,  c,  yield  their  full  share  of  resistance  to  the  load. 

It  should  be  observed,  that  the  breaking  weight  of  a  rect- 
angular pillar  like  a,  a,  breaking  by  flexure  in  the  direction  of 
its  larger  dimension,  will  be  simply  proportional  to  its  thick- 
ness, other  things  being  the  same ;  for  instance,  in  Fig.  38,  the 
breaking  weight  when  ^  inch  thick  being  150  tons,  with  ^  inch 
thick,  it  would  be  75  tons,  and  with  If  inch  thick  =  300  tons,  &c. 


Table  40. — Of  the  Strength  of  Cast-iron  Pillars  of  +  Section, 

the  ends  being  Flat  and  well  supported. 


sixes  of  Pillar. 


Breadth. 


5x5 


>» 
6x6 

»t 

»♦ 
7x7 


8x8 


9x9 

» 

10  X  10 

»t 

12  X  12 

n 


Thickueas  of 
MeUL 


1 

1* 

1* 

n 
u 

H 

u 
n 

n 
If 
1* 

2 


6 


Length  of  the  Pillar  in  Feet. 


1 

8 

9 

10 

12 

Reduced  Breaking  Weight  in  Tons. 


110 

93-8 

80-8 

70-2 

132 

112 

96-8 

84-1 

154 

131 

129 

98-2 

185 

161 

140 

124 

216 

188 

163 

145 

246 

215 

186 

165 

248 

221 

197 

284 

252 

225 

320 

283 

253 

•  •  • 

323 

291 

•  • 

363 

327 

•  • 

404 

364 

•  • 

447 

407 

•  • 

497 

452 

•  • 

546 

497 

•  • 

592 

543 

•  • 

710 

651 

•  • 

829 

760 

•  • 

956 

889 

•  • 

1115 

1037 

•  • 

1275 

1185 

110 
128 

146 
176 
201 
227 
261 

294 
326 
370 
411 
452 

500 
600 
700 
826 
964 
1101 


143 
164 
184 
216 

243 
270 
309 
343 
378 

422 
506 
591 
715 
834 
953 


15 


240 
267 
293 

332 
398 
465 
578 
674 
771 
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(188.)  "  Helatite  Strertgth ."—Tho  fact  tliat  nearly  half  tLe 
section  of  a  +  pillar  goes  for  nothing,  will  prepare  ua  to  find 
that  this  form  of  Boction  is  very  nneoonomical  ae  compared  with 
a  cylindrical  pillar  of  the  samo  diameter,  and  area  of  scctioa. 
I'huB  a  pillar  8  iocbea  Qiternal  and  6^  inches  ioterual  diameter 
will  havo  an  orc-n  of  15*8  square  inches,  or  practically  the 
same  as  that  of  Fig.  38,  which  we  fonnd  (ISfi)  to  be  15-23 
square  inches.  Then  from  Tahle  35,  8"  =  1783,  and  6|" 
=  90i,  and  Mp  being  44-19,  the  rule  in  (157)  gires  44-19  x 
(1783  -  a04)-r  99-8  =  380  Ions  breaking  weight  by  flexure. 
Tbia,  however,  will  require  correction  for  incipient  cmahing  by 
the  rule  (164);  C^  =  15' 8  X  43  =  680  tone,  hence  |  Op  =  510 
tons,  and  the  rule  P,,  =  F  X  C,  -^  (P  -f-  ij  Op)  becomes  380  x 
680-^(380  +  510)  -  290  tons,  which  is  nearly  double  150  tona, 
the  breaking  weight  of  a  +  pillar  of  the  same  weight  of  metal. 

This  ratio,  however,  is  not  constant ;  with  a  groat  length, 
such  that  both  pillars  would  fail  by  flexure  simply,  the  ratio  in 
ottr  case  would  be  as  we  have  seen,  S80  to  150,  or  aboat  2^  to  1 ; 
with  a  length  of  16  feet,  2  to  1  ;  as  the  length  is  reduced  the 
ratio  approaches  equality,  and  with  very  short  pillars  in  which 
the  strength  is  governed  almost  exclasively  by  resistance  to 
omdiing,  the  two  kinds  of  pillar  become  practically  equal. 

(189.)  Mr.  Hodgkiuson  made  an  experiment  on  a  pillar  of -{- 
section  3  X  3  X  '48  inch  thick,  Fig.  36,  the  length  being 
7  -  662  feet,  and  both  ends  pointed ;  the  breaking  weight  was 
17,578  lbs.  Calculating  as  in  (186),  and  taking  Mp  at  66,100 
lbs.  from  Table  34,  we  have  for  a,  a,  3''  =  17-4  by  Table  35, 
then  to  find  L",  we  must  use  logarithms.  The  log.  of  7-562 
=  0-878637  X  1-7  =  1-4936829,  the  natural  number  due  to 
which,  or  31  ■  17,  is  the  1  -  7  power  of  7  ■  562  :— then  56100  X  17  ■  4 
X  -48-^31-17  =  15035  lbs.  For  c,c,  we  have  to  find -48'"'; 
the  log.  of  ■  48  =  T  ■  681241  x  2  ■  6  =  1  ■  1712266,  the  natural 
number  due  to  which,  or  - 1483,  is  the  2-  6  power  of  *48  ;  then 
6  =  3  -  -48  =  2-62,  and  the  rule  becomes  56100  x  -1483 
X  2-52 -^  31-17  =  673  lbs.  The  sum  of  the  two,  or 
16035  +  673  =^  15708  lbs.,  is  the  breaking  load  of  the  entire 
pillar,  which  is  10-6  per  cent,  less  than  17,578  lbs.,  the  experi- 
mental breaking  weight. 
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(190.)  "  CoimectxTig-rodt  of  Sleam-engtna." — The  etrength  of 
cut-iron  ODnnectiDg-rodB  of  the  ordinary  +  sectional  form 
cannot  be  ealonlated  satisfactorily  by  the  ordinary  roles;  in 
^actice  it  is  necessary  to  provide  for  estraordinary  strains 
arimng  from  forces  in  motion,  &o.,  which  the  ordinary  rule  does 
not  contemplate.  The  safer  course  is  to  use  a  theoretical 
fOTmala  with  a  constant  mnltipUer  derived  &om  experience :  the 
role  may  then  take  the  following  form : — 


(191.) 


B=  V(H  xL»-^-42). 


In  which  H  =  Uie  reputed  or  nominal  horse-power  of  the  engine ; 
Ii  s  the  length  of  the  connecting-rod  between  centres  in  feet ; 
and  B  =  the  breadth  of  the  rod  at  the  centre  in  inches.  Thus, 
for  a  60-horBO  engine  with  a  rod  14  feet  6^  inches,  or  14-62  feet 
between  centres,  we  have  14-52*  =  210-8;  then  60  x  2108 
-1--42  =  30114,  the  log  of  which,  or4-478773-^4  -  1119693, 
the  natoral  number  due  to  which  or  13-17,  say  13|  inches,  is 
the  breadth  at  the  centre.  We  should  obtain  the  some  result 
by  finding  the  sqoare-root  of  the  sqnare-root  of  30114 :  thus,  the 
square-root  of  30114  =  173-5,  and  the  sqnare-root  of  173-G 
=  13*17  inches  as  before.  Table  41  gives  the  proportions  of 
oonaectiiig-rods  &om  cases  in  practice,  coL  4  being  calculated 
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by  the  rule :  the  particulars  of  the  bearings  at  the  two  ends  are 
added  as  useful  memoranda. 

It  should  be  observed  that  the  rule  supposes  that  the  thickness 
of  the  ribs  and  the  heavy  mouldings  with  which  the  corners  are 
filled  in,  are  of  the  proportions  usually  adopted  in  practice  and 
as  shown  in  Fig.  87. 

(192.)  "  CoBi-iron  Pillars  of  I  Section:'— This  form  of  pillar 
is  sometimes  used  for  stanchions :  their  strength  may  be  calcu- 
lated on  the  same  principles  as  those  of  4"  section.  Mr.  Hodg- 
kinson  made  an  experiment  on  the  pillar  of  the  section  shown 
by  Fig.  39,  the  length  was  7  *  562  feet,  both  ends  pointed,  and 
the  breaking  weight  29,571  lbs.,  the  pillar  breaking  by  flexure 
in  the  direction  of  the  arrow  C.  Neglecting  the  middle  web, 
as  having  very  little  influence  on  the  result  (187),  we  have 
simply  to  calculate  for  a  rectangular  pillar  3  x  *7  inches 
forced  to  fail  by  flexure  in  the  direction  of  its  larger  dimension, 
hence,  using  the  rule  in  (178)  /  =  3  inches  and  h  =  '7  inch, 
and  3'-*  being  17-4,  wo  obtain  56100  x  17-4  x  -7-^- 31*17 
=  21925  lbs.,  which  is  25*8  per  cent,  less  than  20,571  lbs.,  the 
experimental  breaking  weight. 

It  should  bo  observed  that  the  thickness  of  the  metal  in 
Fig.  39  has  been  calculated,  Mr.  Hodgkiuson  did  not  give  that 
dimension  unfortunately,  but  he  states  that  the  area  of  the  cross- 
section  was  the  same  as  that  of  the  +  2)illar  in  (189);  if  we 
assume  the  thickness  to  be  uniform  all  over,  we  obtain  of 
necessity  '35  inch,  as  in  the  figure. 

It  is  possible  that  the  thinness  of  the  metal  in  these  cases  (931) 
may  bo  the  reason  for  the  excess  of  streugtli  shown  by  the 
experiments ;  this  appears  to  be  the  more  probable  from  the 
fact  that  the  casting  •  35  inch  thick  gave  a  greater  excess  than 
the  one  '48  inch  tliick.  The  difference  although  considerable 
is  not  of  practical  importance,  being  covered  by  the  ''factor*'  of 
safety  (880)  ;  moreover  the  error  is  on  the  side  of  safety,  calcu- 
lation giving  in  both  cases,  the  breaking  weight  less  than  by 
experiment. 

(193.)  "  Cast-iron  Steam-engine  Columns:* — A  common  arrange- 
ment for  beam  engines  is  shown  by  Fig.  41,  in  which  a  cross- 
ontablature  A  is  built  into  the  side  walls,  and  is  supported  by 
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two  colmnns.  The  strain  on  these  columns  is  comparatively 
small,  and  the  proper  sizes  cannot  be  calculated  by  the  ordinary 
methpd,  but  may  be  found  by  the  following  empirical  rules : — 

(194.)  D=4^(H  xL^x2-2). 

(196.)  d  =  D  X  6  -^  6. 

In  which  H  =  the  reputed,  or  nominal  horse-power  of  the 
engine;  L  =  the  length  of  the  column  in  feet;  D  =  the  diameter 
at  the  base,  and.  (2  =  the  diameter  at  the  top,  both  in  inches. 
Thus  for  an  engine  of  100  nominal  horse-power,  and  columns 
16  feet  long,  we  have  16^  =  256,  giving  by  the  rule  100  x  256 
X  2*  2  =  56320,  which  is  the  fourth  power  of  D :  then  the  log.  of 
66320  or  4-750663 -r- 4  =  1-187666,  the  natural  number  due 
to  which  is  16-4,  or  say  15|  inches,  the  diameter  of  the  column 
at  the  base,  from  which  we  obtain  15*4  x  5  -7-  6  =  12*83,  or 
say  12 1^  inches,  the  diameter  at  the  top.  The  actual  diameters 
were  15^  and  13  inches  respectively,  as  shown  by  Table  42, 
which  gives  the  sizes  of  engine  columns  from  cases  in  practice 
with  the  corresponding  sizes  calculated  by  the  rule.  It  should 
be  observed  that  we  might  have  found  the  4th  root  of  56320 
without  the  use  of  logarithms,  for  the  square-root  of  the  square- 
root  of  a  number  is  the  4th  root  of  that  number;  thus,  the 
square-root  of  56320  =  237*3,  and  the  square-root  of  237*3 
=  15*4,  or  the  same  as  found  direct  by  logarithms. 

Table  42. — Of  the  Diameter  of  Columns  to  Beam  Engines  with 
Cross-entablature  between  the  Wali^j — Two  Columns  to  each 
Engine  (Kig.  41).    From  Cases  in  Practice. 


Nominal 
Hone-power 

Length  of 
theColamDS. 

DUmeler  of  the  Column 
at  Base. 

Diameter  of  the  Column 
at  Top. 

of  EniglDe. 

ActoaL 

Calculated. 

Actual. 

Calculated. 

100 
60 
40 
30 
20 
12 

ft    in. 

16     0 

12     3 

10     3 

9     U 

7    9 

7    6 

15^ 
llf 
10 

6A 

155- 

13 

10 
8 
6 

'5* 

12J 
10 

I' 
5*. 
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Tabic  43  Las  been  calculated  by  tbe  mie,  and  tbo  nppToximats 
deptL  of  the  cross-on tablature  ia  given  as  culculated  by  tbe  role 
in  (953). 

Tadlk  43. — Of  Oio  AppHOiiKATB  8izeb  of  CoLtmira  and  Depth  of 
Cbobs-Emtaslature  for  Bbau  BNOINBa :  two  columHB  to  each 
GiigiDe,  as  ID  Fig.  41. 


i 


turtln 

Loiglii  of  Ooloam  In  FwL 

6    j    8    1    10    1   12    I   14    1    10    1    18   1    20    j    22 

Uimeur  <if  ColamnB  it  Ihe  Bmr,  In  locbH. 

10 
20 
30 

40 
EO 
60 

80 

I2U 
HO 
160 
IBO 

200 

e-s 

90 

11-0 
120 
Ul 
1S-5 

18-0 
20'0 
22 '0 

25 '2 
26-8 
2S'2 

5-3 

li-3 
7-0 

61 
7-8 

8-1 
8-7 

8-1 
S-0 
9-7 
10-2 
10-7 
11-5 

84 
9-3 
10-0 
10- G 
11-7 
12G 
lS-3 

10-0 

11  4 

12  0 
12-6 

13-6 
14-3 
15'0 
la'b 

12'-2 
129 
13-5 
14-6 

iri-4 

161 

16-7 
17-3 
17-8 

IfS 

]i-t 

171 
17-7 

18-3 
18-9 
19-4 

163 

17-2 
18'0 
18-7 
19'! 
19-9 
20' 5 

19 -6 
20-3 
20-9 

... 

KmL— Ths  diameter  at  the  lop  Bbould  bt  |thi  ot  Uw  dlnmEtcc  nt  Un  baae. 

(196.)  "  Wrmghl-iron  OsUndrical  Pillart."~The  Htrength  of 
pillAFB  of  wrought  iron  is  directly  proportional  to  the  3  *  6  power 
of  the  diameter  or  side  of  eqaare  pillars,  and  inTeraely  as  the 
square  of  tbe  length,  thia  latter  being  the  theoretical  ratio  as 
shown  by  (146).  For  solid  cylindrical  sections  we  have  the 
following  general  mles  for  long  pillars  failing  simply  by 
flexure : — short  pillars  require  correction  for  incipient  cmshing 
by  the  rules  in  (163). 

(197.)  F=  MpxD'-^L*. 

(198.)  D  =  ':5'(FxL»^Mp). 

(199.)  L  =  ^(MpXD''H-F). 

(200.)  M,  =  FxL=-M)". 
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In  wbicli  F  =  the  breaking  weight  on  the  pillar  in  lbs.,  tons, 

&e,y  hj  flexure,  dependent  on  Mp. 
D  =  the  diameter  of  the  pillar    at  the  centre,  in 

inches. 
L  =  the  length  in  feet. 
Mp  =  constant  multiplier,  the  value  of  which  is  given 
in  Table  34. 
Table  44  gives  the  result  of  27  experiments  on  solid  cylin- 
drical pillars  of  wrought  iron  by  Mr.  Hodgkinson ;  col.  9  has 
been  calculated  by  the  rules,  the  value  of   Mp  taken  from 
Table  34  was  95,848  lbs.  for  pillars  with  both  ends  pointed ; 
197,700  for  those  with  one  end  pointed  and  the  other  flat ;  and 
299,620  lbs.  for  those  with  both  ends  flat. 

(201.)  Comparing  cols.  9  and  7,  it  will  be  seen  that  many  of 
these  pillars  require  correction  for  incipient  crushing  by  the 
rule  (164),  namely,  Po  =  F  x  Cp  -^  (F  +  |  Cp).  It  is  a  matter 
of  considerikble  difficulty  to  determine  the  crushing  strain  for 
wrought  iron,  or  indeed  for  any  very  malleable  metal  (133). 
The  ordinary  method  of  crushing  a  small  specimen  is  quite 
inapplicable  in  such  a  case : — by  experiments  on  the  transverse 
strength  in  (520)  we  found  it  to  be  24  tons  per  square  inch. 
But  the  only  satisfEustory  course  is  to  find  by  trial  the  resistance 
to  crushing,  or  value  of  C,  which  when  used  in  the  rule  for 
incipient  crushing  (164)  will  bring  the  calculated  strength  into 
agreement  with  the  experimental  strength.  The  result  of  a 
laborious  application  of  that  tentative  method  is  that  the  value 
of  0  in  wrought-iron  pillars  is  19  tons,  or  42,560  lbs.  per  square 
inch,  which,  multiplied  by  the  area  of  the  pillar,  will  give  the 
value  of  Cp  in  the  rule  for  incipient  crushing. 

This  value  of  C  has  been  used  for  solid  cylindrical  pillars  in 
Table  44 ;  for  solid  rectangular  pillars  in  Table  53  ;  for  hollow 
cylindrical  pillars  of  thin  plate-iron  in  Table  52 ;  and  for  rect- 
angular pillars  of  thin  iron  in  Table  55 ;  and  its  correctness  is 
proved  by  the  general  agreement  of  the  calculations  with  the 
experiments  as  shown  by  (958)  and  Table  150.  The  mean 
average  error  of  those  4  tables  is  only  0*293,  0*0,  0*461,  and 
2  *  25  per  cent,  respectively : — of  99  experiments,  85  were  reduced 
by  the  role  for  incipient  crushing,  and  the  near  agreement  with 
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the  cxpcruDents  is  to  a  great  extent  due  to  tbo  correct  valne  of 
0  =  19  tons. 

•  As  an  illustratioii  of  the  mlea  in  (197)  and  (ICi),  we  mnj 
tmkeNoa  13,  14,  in  Table  44:  then  95848  x  1  •  005' " -M  •  26» 
-  =  61470  IbB,,  the  valae  of  F,  or  the  breabing  weight  by  flexure, 
08  in  col.  9.  This  requires  correction  fur  incipient  crushing 
(163):— to  find  Or  wo  have  1-005'  X  -7854  x  42560  =  33760 
lbs.  as  in  col.  10,  hence  |  Cp  =  25320  Iba.,  and  the  rule  ?„  =  F 
X  C,  -^  (F  +  S  Cp) becomes  61470  X  33760  -^  (01470  +  25320) 
=  23910  lbs,,  the  reduced  breaking  weight  or  value  of  Pe,  as  in 
col.  7. 

Table  44  has  been  calculated  in  this  way  throngbont :  the 
sum  of  all  the  +  errors  in  ooL  S  =  56  ■  "J  and  of  all  tho  —  errors 
6a'5,  giving  on  15  oiperinionts  on  average  of  (56-9  —  52-5) 
-i.  15  =  0-293  por  cent.  only.  The  greatest  4-  error 
=  13'8  per  cent,,  and  the  greatest  —  error  =  153  per 
oent  (959). 

(202.)  Searching  as  in  (165)  for  the  length  of  wrought-iron 
pillars  with  which  tho  correction  for  incipient  crushing  becomes 
nil,  beyond  whidi  length  the  rule  must  not  be  applied  for 
reasons  given  in  (164) ;  we  find  that  a  pillar  1  inch  diameter 
crashes  with  -7854  x  19  =  14-92  feins,  the  correction  will 
therefore  be  nil  when  F  =  14-92-;- 4  =  3"  73  tons  (169),  which 
in  a  pillar  with  both  ends  pointed  is  due  by  the  rule  (11)9)  to  a 
lengOi  of  V'42-79  -;-  3^3  x  12  =  40-64  inches,  or  40-64 
times  the  diameter.  With  one  end  pointed  and  one  flat 
/88^26-£3£73  x  12  =  68-37  inohe8;_with  both  ends  flat 
Vl33-8-^3-73  X  12  =  71-86  inches,  &c.  With  cast-iron 
pill  am  (165)  wo  obtained,  for  the  same  diameter  16-64,  25-04, 
and  31  "78  times  the  diameter  respectively,  which  diflcrs 
remarkably  from  40  -  64, 58  -  37,  and  71 '  86  as  found  for  wrought- 
iron  pillars. 

These  ratios  vary  with  the  diameter  as  we  found  to  be  the 
case  with  cast  iron  (166),  and  as  shown  by  Table  39,  which  has 
been  calculated  by  the  rale : — 

(203,)        U  =  4'(MpX  D='-4-lCp)x  12-^D. 

In  which  the  letters  have  the  same  Bignific&nce  as  in  (167). 


Tabu  46.— Of  the  STHasoTn  of  WaoDonT-mou  OOMi 


1 

3 

P 

1 

3             1             <              1             »             il       1 

Is 

1 

Bj- 

ItcdDHd. 

n.Z.. 

Bsiiffirf, 

n..xU 

Esduwd. 

1 

2G,100 

10.050 

0,230 

5,900 

5,900 

3,830 

3,B30 

U 

1I,20U 

23.130 

.7.770 

13,150 

12,380 

8,430 

8,430 

1| 

50,1UV 

15.800 

30,130 

2S,800 

21,800 

16,500 

10,500 

'1 

80,(J(W 

TO.SOO 

4S,700 

«,900 

34,300 

28,700 

23,060 

s 

105,000 

128.000 

6S,030 

72,400 

50,280 

46,100 

39.000 

Si 

183.000 

107,000 

88.200 

111.000 

70.000 

70,900 

55.270 

2S 

103,0()o'2S8,000 

115,100 

162,  OW 

!I3,1(J0 

104,000 

75,270 

n 

iOO,000|W7,000 

110, 

200 

229,000 

120,850 
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table  shows  that  the  diameter  is  more  iaflucntial  on  tlie 

with  wronght-iron   pillars  than  with  cast-iron  ones, 

IB  doe  in  part  to  the  lower  vaJae  of  C:  this,  as  we  have 

(132),  ie  43  tons  per  square  inoh  with  cast  iron,  and 

tons  with  nTonght  iron  in  the  form  of  a  pillar  (133). 

(204.)  "  WraugXt^rcm  Connecting-Todt," — Wronght-iron  roda 

commonly  need  for  Bteam-enginee,  pnmps,  and  many  other 

torpaeoe :— being  jointed  at  both  ends,  they  are  asaimilated  to 

with  biAh  ends  pointed  (149).     The  connecting-rods  for 

lonble-acling  pnmpfl  are  snbjected  to  heavy  shocks  from  a  mass 

water   in   notion   thronghont  the  system   of  suction  and 

;t7    pipci,  which  are  only    partially   obviated  by    air- 

iIb.  Jcc.  i^thoy  therefore  reqnire  special  roles,  which  are 

^ven  in  (207), 

Table  45  htm  been  calonlated  by  the  mle  (197) ;  for  a  pillar 
with  both  oniJs  pointed  thia  becomes  P  =  96848  x  D^'-^L', 
which  has  beou  corrected  where  necessary  for  incipient  crashing 
by  tiie  rule  (164),  taking  the  crushing  strain  0  at  the  rednced 
of  33,600  lbs.,  or  IS  tons  per  square  inch,  &om  which  we 
hare  obtained  Cp  in  col.  2. 

(305.)  It  shDnldbe  observed  that  the  rod  of  a  steam-engine  is 
Bobjected  to  an  alferwiting  tensile  and  compressive  strain  which 
is  exceedingly  destmctlTe  to  any  material,  necessitating  the  adop- 
tion of  a  liigli  "fcctor  of  safety  "  (915).  If  we  admit  that  for  a 
statical  or  dead  load  the  "  factor  "  should  be  3,  that  is  to  say  the 
working  or  eafe  load  should  be  ^rd  of  the  dead  breaking  load, 
ftn  hj  DoL  6  of  Table  141  the  equivalent  alternating  dynamic 
iWa  wonld  be  ith  of  the  dead  load,  or  ^  x  i  =  Vgth  of  the 
llrtiwJ  breaking  weight,  the  "  factor  "  being  =  18. 

Uthle  U  gives  the  sizes  of  a  series  of  connecting-rods  &om 
CHH  in  pnctice : — the  breaking  weight  as  calculated  by  the 
tiles  b  pven  by  col.  6,  and  the  factor  of  safety  by  col.  7,  its 
BMW  nlna  being  15-52.  Thus,  taking  No.  2  as  an  example : 
the  8-6  power  of  3}  is  by  Table  35  =  116 ;  7  feet  2  inches 
lwiDg>B7-167feet,Bnd  7-167<  =  51-36,  and  the  rule  becomes 
96848  X  116  ~-  61-36  =  216500  lbs.  =  F,  or  the  breaking 
vii^t  by  flexnre,  as  in  cot.  4.  This  requires  correction  for 
craehing  (163): — the  area  dno  to  8|  inches  diameter 
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=  11 -Ol  siiuare  inehoa,  hence  11-04  X  42560  =469800  l!*^ 
tlie  Taluo  of  Cy,  as  in  col,  5,  and  J  Gp  =  352400  lbs ,  from 
which  we  obtain  (216500  x  469S00)  —  (216500  +  362400)  = 
178800  lbs.,  tbe  mlucod  breaking  weight  P^,  as  in  col.  6.  The 
value  of  tbo  factor  of  safety  is  178800  -r  11000  =  lC-25,  as  in 
cd.  7. 

The  diameter  of  a  connecting-rod  might  be  calculated  with 
siiffioieut  preuiBiou  for  practice  by  an  empirical  rule  as 
follows ; — 


{20S.) 


'•:/  (wX'L'  —  iCiO). 


In  which  w  =  tbe  strain  on  the  rod  in  IbB.,  as  found  from  the 
diameter  of  the  cylinder  and  proEsnre  of  steam,  &c. ;  L  =  the 
length  between  centres  in  feet,  nnd  D  =  the  diameter  at  the 
centre  in  inches  Thus,  for  No.  3  in  Table  46  we  have 
6411  X  264-4640  =  34'54  the  nearest  number  to  which  in 
col.  4  of  Table  35  is  32-3  oppoeitc  2^  inches  diameter,  &a.: 
col.  B  in  Tablo  46  has  boon  calculated  by  thia  rule. 
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F. 

c 
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Wclglil. 

F.rtor 
ofS.f«y, 
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15,850 

11,000 
6,411 

7-83 

7-17 
5-Oi 

2A 

317,1(10 

216,500 
94,830 

630,700 
400,800 
108.000 

254.000 
178.800 
77.240 

16-59 
16-25 
12  05 

1 

4.564 
3,150 
1,772 

4-75 
3-50 
3-50 

4 

85,212 
75,190 
33,lj50 

178,700 
117,500 
75,200 

60.440 
54,110 
28,100 

15-21 
17-17 
15-85 

11 
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(a) 

(3) 

CO 

<s) 

(«) 

(') 

(207.)  "Double-acting  Pump-rods." — The  ordinary  roles  for 
wrought-iron  pillars  do  not  appl;  satisfactorily  to  the  rods  of 
double-acting  pumps,  partly,  perhaps,  becauao  those  roles  are 
adapted  only  to  a  statical  load  or  dead  weight,  whereas  pomp- 
rods  have  to  sustain  heavy  shocks  at  every  stroke  from  the 
alternate  inertia  and  momentum  of  the  water  in  the  pomp  and 
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suiBB,  tiie  unonnt  of  whioh  depends  on  the  freqaeno^  of  the 
alternations  or  the  speed  of  the  pomp.  The  following  empirical 
Bole  ia  derired  from  long  and  varied  experience : — 

(208.)  D=^(«.xL'xE-j-  200000). 

In  which  ID  =  the  weight  or  strain  on  the  rod  in  Ibe. ;  L  =  the 
length  between  centres  of  joints  in  feet ;  B  =  the  revolationa 
per  minute  of  the  engine,  or  of  the  crank  working  the  pomp ; 
and  D  =  the  diameter  of  the  rod  at  the  centre  in  inches. 

(209.)  Table  47  gives  the  proportions  of  donble-acting 
pnmp-^ods  &om  cases  in  practice ;  col.  6  has  been  calculated 
by  the  Bule.  Thus,  with  No.  9  we  have  17-5'  =  306,  then 
25125  X  306  X  24  -  5  -^  200000  =  942,  which  is  the  4th  power 
of  the  diameter.  The  logarithm  of  942  or  2-974051^-4  - 
0*748513,  the  natural  number  due  to  which,  or  5*64  inches,  is 
the  diameter  at  the  centre,  as  in  ool.  9.  We  should  have 
obtained  the  same  result  without  the  use  of  logarithms  bj  finding 
the  aqnare-root  of  the  square-root  of  942  ;  thus  */  9~42  -  30  -  69, 

Tabix  47, — Of  the  Stbbsoth  of  Wbouoht-ibon  Cosnecti  no-bom  for 
I)oDBLE-AOTiKO  PuHFS,  to  tBeiat  a.  CoHpsBssivB  SisAix.  From  Cases 
in  Practice. 
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and  V30'69  =  5-54  inches,  aa  before.  Table  85  would  have 
given  nearly  the  somo  result  mih  lesB  trooble. 

The  near  agreemeDt  of  tbe  calculated  sizos  in  eol.  S)  with  the 
actual  ones  in  coL  3  is  due  to  the  fact  that  the  latter  were  in 
nuuij  caBGB  fixed  originally  by  the  Eule  (208) ;  atill,  they  all 
stand  well  in  practice,  and  have  done  80  for  many  years 
without  one  failure,  confirming  bo  far  the  accuracy  of  the 
Bulo. 

(210.)  "  Wronght-iroa  PUUm-rodi."  —  Thu  piaton-roda  of 
Steam-en ginea  are  sobjected  alternately  to  a  tensile  and  com- 
piOBsivc  strain,  and  iu  calculating  their  strength  both  of  those 
strains  must  bo  considered. 

First,  for  the  teusilo  strain :— a  common  mode  of  connecting 
the  piston-rod  to  the  cross-head  is  shown  by  Fig.  42,  in  which 
we  have  a  2^inoh  rod  with  a  conical  end,  terminated  by  a 
aj-inch  ■quare-throad  screw,  IJ  inch  diameter  at  the  bottom 
of  the  thread.  T ho  area  of  2}  =  4-9,  and  of  IJ  =  2- i  square 
inches;  the  area  at  the  acrow  ia  therefore  only  Ao//tho  area  of 

In  large  pistou-rods  a  key  is  commonly  used,  as  in  Fig.  43 ; 
we  have  shown  in  (123)  that  the  shearing  strain  is  equal  to  the 
tensile,  and  as  the  key  is  subjected  to  a  double  shear,  shearing  at 
two  places,  its  double  area  must  be  equal  to  the  area  of  the  rod 
at  the  key-way,  supposing  of  course  that  the  key  ia  of  the  same 
material  as  the  rod.  With  the  sizes  shown  iu  the  figure,  the  key 
will  have  a  shearing  area  of  4-75  x  1"25  x  2  =  11-87  square 
inches.  The  area  of  4J  diameter  being  17 '72,  and  the  area  cut 
away  by  the  key-way,  4-75  x  1-25  =  5-93,  we  have  17-72  - 
5*93=  II '79  square  inches,  being  practically  the  same  as  the 
area  of  the  key : — this,  again,  ia  only  Half  the  area  of  the  6|-inch 
rod,  which  =  23-76  square  inches. 

(211.)  We  may  therefore  admit  that  the  minimnm  area  at  the 
screw  or  key-way  is  half  the  area  of  the  rod,  and  this  of  course 
limits  the  streugth  of  the  piston-rod  ;  for  obviously,  whatever 
may  be  the  strength  as  a  pillar  during  the  np-stroke,  the  rod 
counot  bear  more  than  ia  due  to  its  tensile  strength  during  the 
down-atroke. 

(212.)  The  mean  strength  of  British  wrought  iron  may  be 
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taken  at  57,500  Ibe.  per  square  inch  from  (4)  and  Table  1, 
hence  the  maximnin  strain  admissible  on  the  body  of  the  rod  is 
67500  -7-  2  =  28750  Ibe.  per  square  inch,  and  the  second 
oolmnn  of  Table  48  has  been  thus  calcnlated.  When  a  rod 
is  80  short  that  we  are  certain  the  strain  will  be  limited 
by  the  tensile  strength,  we  may  find  the  area  direct  by  the 
Bule:— 

(213.)  Area  =  W  x  M,  -r-  28750. 

In  which  W  =  the  strain  on  the  rod  dne  to  the  area  of  the 
piston,  pressure  of  steam,  &c.,  and  Mf  =  the  Factor  of 
Safety  (880).     (216). 

For  the  strength  to  resist  the  compressive  strain  at  the  up- 
stroke we  may  consider  the  rod  as  a  pillar  with  one  end  flat  and 
the  other  pointed,  namely,  flat  at  the  piston,  and  pointed  at  the 
cro60-head«  Taking  the  value  of  Mp  at  197,700  lbs.  from  col.  2 
of  Table  34,  the  Bule  (197)  then  becomes  :— 

(214.)  F  =  197700  x  D' « 4-L*. 

In  which  F  =  the  breaking  weight  by  flexure  in  lbs.,  L  =  the 
greatest  length  unsupported  in  feet,  or  in  most  cases,  the  dis- 
tance from  ^e  gland  of  the  stuf&ng-boz,  to  the  centre  of  the 
cross-head  at  the  top  of  the  stroke,  D  =  the  diameter  in  inches. 

(215.)  This  rule  gives  the  breaking  weight  by  flexure  only : — 
as  shown  in  (202),  rods  of  a  length  less  than  58  *  37  times  the 
diameter  will  require  correction  for  incipient  crushing.  Taking 
C,  or  the  crushing  strength  of  wrought  iron  at  19  tons,  or 
42,560  lbs.  (201),  and  the  areas  due  to  the  respective  diameters, 
we  obtain  the  value  of  Cp  in  the  third  colunm  of  Table  48, 
which  gives  the  sizes  of  Piston-rods  based  on  a  combination  of 
the  rules  for  flexure  (214),  tensile  (212),  and  crushing  strength 
(164). 

Thus,  for  a  3J-inch  rod,  8  feet  long,  3i'«  being  69-6  by 
Table  35,  the  breaking  weight  by  flexure  becomes  197700  x 
69-6-7-64  =  215000  lbs.  =  F.  This  requires  correction  for 
incipient  crushing  (163),  the  area  of  3 J  =  8 '296  square  inches, 
and  we  obtain  8*296  x  42560  =  353100  lbs.,  the  value  of  Cp ; 
hence  |  Op  =  264800  lbs.,  and  the  rule  (164)  gives  Po  =  (215000 

E  2 


1S2  pillabb:  WEonoBT-niON  pibton-bods. 

X  353100)  4-  {215000  +  2M800)  =  158200  Iba.,  aa  in  the 
Tabic,  nhiob  boa  beea  calculated  tLrongbout  in  tbia  vi&j.  With 
four  exceptions,  tbo  wLoIe  of  the  numbers  required  corroetion 
for  incipient  cruabiiig.  Wbonthe  strengtb  as  n  pillar  is  greater 
tbaa  tbe  leiuile  strength  in  tbe  Gccond  column,  then  tbo  latter 
limits  the  strength  of  tbe  whole : — fer  infitance,  a  3-inoh  rod, 
saj  3  feet  long,  would  bear  as  a  pillar  251,500  lbs.,  but  tbo 
tensile  strengtb  at  the  kcj-way,  &c.,  is  203/200  lbs.  only,  and 
fts  the  Btroin  during  the  np  and  down  strokes  is  usually  equal, 
tbe  strength  both  ways  is  limited  by  the  leeeer.  It  will  be 
observed  that  in  tbe  Table  tbe  strengths  of  gay  a  5-inch  rod  5, 
6,  and  7  feet  long  aro  all  alike,  being,  in  fact,  equal  to  tbe 
Untile  strength,  or  564,600  lbs.,  &c. 

(216.)  Table  41)  gives  tbe  particulars  of  Piston-rods  from 
cases  in  practice : — tbe  strain  in  ool.  5  viaa  obtaiued  by  multi- 
plying tbe  area  of  the  piston  by  tbe  pressure  of  stcjim,  plus  tbe 
vacuum  in  condensing  pngiues,  where  tlio  tolal  has  ticen  taJten  at 
20  lbs.  ixr  Kquiiro  iiiLli  ;  u'itb  tliii  Iligli-iiR'ssui-,i  Engiutvs  tbo 
preeaare  has  been  taken  at  45  lbs,  above  atmosphere.  In  col.  6, 
WQ  have  given  tbe  oaleulated  breaking  weight  as  found  by 
Tables  48,  56,  Ac,  and  in  coL  7,  the  "  Factor  of  Safety,"  (880) 
or  the  ratio  of  the  breaking  to  the  working  strain,  tbe  mean 
valne  of  which  is  abont  12  for  ordinary  Con  den  sing-engines,  and 
14  for  Marine  Engines ;  it  will  be  observed  that  the  whole  of 
the  latter  are  dominated  by  the  tensile  strength,  in  consequence 
of  the  shortness  of  the  stroke,  and  are  marked  by  a  *. 

In  col.  8  we  have  given  tbe  calculated  diameters  as  found  by 
Tables  48,  56  ;  thus  in  the  SO-Horse  rod,  No.  6,  with  Factor  12 
we  hare  32520  x  12  =  890240  lbs.  breaking  strain,  the  neaiest 
nomber  to  which  in  tbe  colnmn  for  8  feet  length  in  Table  48 
is  391,100  lbs.,  opposite  4^  inches  diameter ;  the  actual  diameter 
was  4^  inches.  Again,  in  the  60-HorBe  Marine  Engine,  No.  9, 
with  Factor  14  we  obtain  29040  x  U  =  406560  lbs.  breaking 
strain,  the  nearest  nomber  to  which  in  the  column  for  5  feet 
long  is  408,000  lbs.,  opposite  4^  inches  diameter,  which  was  also 
the  actual  size  ;  being  governed  by  the  Tensile  strain  in  col.  2. 

Wrought  iron  is  not  often  used  in  modem  times  for  first-class 
Engines;  the  superior  character  of  steel,  combined  with  its 
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reduced  cost,  sliotild  commend  it  for  naiTerBal  adoption ;  the 
strength  of  Steel  Fietou-rodB  k  considered  in  (271). 
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(217.)  "  Badiua-roda  of  Sleam-engines." — In  ordiuftry  Beam 
Engines,  the  Bodine-rodB  and  "  parallel  bara  "  of  the  motion  ore 
subjected  alternately' to  eqnal  tensile  and  oompreseiTO  strains; 
the  latter,  tending  to  cripple  the  rod  as  a  pillar,  is  the  most 
inflnential,  and  the  diameter  necesBary  to  resist  that  strain  vill 
usually  be  snfGcient  for  the  tensile  strain  also.  For  Badins- 
rods  we  may  gi^e  the  following  Empirical  Rnle : — 

t218.)  d=  i/{H  xL'4-150). 
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In  whiob  H  =  the  repntod  or  Nominal  Horae-power  of  the 
Engine ;  L  =  the  length  of  the  ndinB-rod  between  centree,  in 
feet ;  &nd  d  =  the  diameter  of  the  rod  in  inches.  Table  60  has 
been  calonlated  hj  thie  mle.  The  "  parallel  bare  "  are  naaallj 
made  of  the  same  diameter  as  the  radim-rods ;  Table  61  gives 
the  particiilars  of  both  from  cases  in  practioe,  col.  4  haTing  been 
calcnlated  b^  the  rule.     Thus,  for  the  SO-horse  Engine  with  a 

Table  60. — Of  the  Sizes  of  TUdiub-bodb  to  Stbak-eiioime8. 
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rod  3^  feet  loDg,  we  liavo  30  x  12-25 -M50  =  2-45;then  the 
logarithm  of  2-45,  or  0'3891G6-f-4  =  0-097291,  tho  nftturol 
nnmbor  due  to  nhicfa,  or  1'251  inch,  ie  the  dinmctcT  reqnircd. 
Or  we  might  have  obtained  the  same  reenlt  without  logarithms 
bj  finding  tho  Hjnare-root  of  tho  sqoaro-root  of  2*45,  thne 
■/2^45  =  1-565,  and  Vl'565  =  1-251,  ae  before:  bog  bIbo, 
Table  85. 

(219.)  "  SoIIm)  CyUndrical  Pillars  of  WrmujU  Iron."~FoT 
hollow  cflindrical  pillorB,  the  rulea  in  (196)  loquire  a  siiople 
modificatioti  and  bocome : — 

(220.)  F  =  Mp  X  (D'"  -  <P ')  -^  L'.  Hj 

(221.)    D"  -  <P '  =  F  X  L'  -j-  Mp.  ' 

(222.)  L  =  4^  {Mp  X  (D'-"  -  <P ")  -f  F}  . 

In  wttioh  F  =  the  breaking  weight  on  tho  pillar  in  lbs.  or  tons 
_^  by  flemre,  dependent  on  M.- 

^^  D  =  the  external  diametor  in  inches. 

d  =  the  internal         „  „ 

L  =  the  length  in  feet. 

Mp  =  Constant  Multiplier,  the  valne  of  which  is  given 

in  Table  3i. 

Table  62  gives  the  reanlt  of  thirly-nz  experiments  on  hollow 

pillars,  made  of  thin  plate-iron,  by  Mr.  Hodgkinson ;  ool.  10  has 

been  calcnlated  by  the  rnle,  the  valne  of  Mp  for  pillars  with  both 

ends  flat  being  taken  at  299,600  lbs.  &om  Table  34. 

(223.)  Thus,  with  No.  3,  the  logarithm  of  6  - 187  or  0-791480 
X  3  -  6  =  2-  849328,  the  natural  nnmher  dne  to  which,  or  706  -  9, 
is  the  8- 6  power  of  D :— then  the  logarithm  of  6,  or  0  -  778151 X 
8-6  =  2-801344,  the  natnral  nnmher  dne  to  which,  or  622-9,  is 
the  8-6  power  of  d.  Hence  706-9  -  622-9  =  74,  and  the 
mle  (220)  becomes  F  =  299600  x  74  -^  100  =  221700  lbs.,  the 
breaking  weight  by  fleznre,  or  F,  as  in  coL  10.  This  requires 
correction  for  incipient  crashing  by  the  rale  (164)  ;  taking  the 
cmshing  strength  at  19  tons,  or  42,560  Ibe.  per  square  inch  (201), 
and  the  area  by  col.  6  being  1-799  square  inches,  Cp  becomes 
1-799  X  42560  =  76570 lbs., as  in ooL  11, and  JCp=574201be.; 
hence  (221700  x  76570)  -i-  (221700  +  67420)  =  60810  Ihs., 
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the  reduced  breaking  weight,  as  in  col.  8,  showing  an  error  of 
60810-7-60075  =  1-012,  or  +  1-2  per  cent.,  as  in  col.  9,  &c. 

(224.)  The  snm  of  all  the  +  errors  in  coL  9  is  225*6,  and  of 
all  the  —  errors,  248  *  2,  giving  on  the  thirty-six  experiments  an 
averageof  (243-2-226-6)-7-36  =  0-461, or-  0-461  percent, 
only.  It  will  also  be  observed  that  the  range  of  the  error  pins 
and  minus  is  nearly  equalized,  the  greatest  -f  error  being 
+  30-4,  and  the  greatest  —  error  is  -  33-0  (959). 

(225.)  "  Square  PiUars  of  Wrought  Iron."— Admitting  that 
for  wrought  iron,  the  ratio  of  the  strength  of  round  and  square 
pillars  is  1-0  to  1-7,  as  shown  by  theory,  we  obtain  the  values 
of  Mp  given  for  square  pillars  by  Table  34.  The  rules  in  (196) 
then  require  a  simple  modification,  and  become : — 


(226.) 
(227.) 
(228.) 
(229.) 


F  =  MpX  S»«-rL». 
S  =  »y(F  X  L»  -5-  Mp). 
L=  4^(MpXS»«-r-F). 
Mp  =  FxL»4-S»'. 


In  which  S  =  the  side  of  the  square,  and  the  rest  as  in  (196). 
Say  that  we  have  a  pillar  1^  inch  square,  5  feet  long,  with  botli 
ends  pointed;  then  taking  Mp  from  Table  34  at  72*74  tons, 
and  li'«  from  Table  35  =  2-2,  the  rule  becomes  72-74  x  2-2 
-r  25  =  6  -  703  tons  =  F,  or  the  breaking  weight  by  flexure. 
This  result  will  not  require  correction  for  incipient  crushing : 
thus  the  area  is  1  -  25  x  1 '  25  =  1  *  5625  square  inches,  and  the 
crushing  strength  being  19  tons  per  square  inch,  Cp  becomes 
1-5625  X  19  =  29-69  tons,  and  ^  Cp  =  7-425  tons,  and  as  F 
is  less  than  that  (169)  the  correction  is  not  required. 
For  hollow  square  pillars  of  wrought  iron  the  rules  become : — 

(230.)  F  =  Mp  X  (8»'  -  «» •) -r  L^ 

(231.)        (ff*  -  ^')  =  F  X  L«-i.  Mp. 

(232.)  L  =  4r {Mp  X  (S»'  -  «»••)  -7- f). 

In  which  8  =  the  side  of  square  externally,  and  8,  internally ; 
the  rest  being  as  in  (222).    Thus  for  a  pillar  in  which  8  = 
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Table  63' — Of  the  Stbenoth  of  Ctukdbical  Filuab, 


KUDlHr 
Expsrl- 

IHUnrKT 

■n,^-. 

^     ^ 

fSeoUon. 

LraglL. 

■n, 

mau 

OUrida. 

iDdlte. 

Dcliu.          •quii 

rtUKha. 

fcS- 

1 

G-366 

6-10(H 

1298           a 

517 

10-00 

2 

7-50 

S 

a -if  87 

s-oon 

0939            1 

799 

10-00 

i 

e-175 

5-073 

101               1 

799 

6-00 

S 

6-125 

5-9211 

098              1 

799 

2-60 

d 

4-OGO 

3-750 

150              1 

905 

0-94 

7 

4-052 

3-7B0 

136              1 

613 

7-60 

8 

4-050 

3-772 

139              1 

7078 

9-04 

9 

4-000 

3-511 

2435            2 

879 

7-44 

10 

4-O00 

3-505 

250              2 

897 

7-44 

11 

4-000 

3-604 

2425            2 

873 

7-4* 

IZ 

3-tt05 

3-513 

241              2 

848 

500 

IS 

2-36 

u 

3-995 

3-504 

^55            2 

895 

5-00 

15 

3-035 

2-717 

IGH               1 

414 

7-50 

16 

3-000 

2-712 

1S3              1 

414 

2-354 

17 

2-U05 

2-633 

ISl               1 

319 

0-940 

18 

2-490 

2-275 

1075 

£015 

9-917 

19 

5-000 

20 

„ 

z 

„ 

2-500 

21 

2-382 

1-H31 

216              1 

651 

2-492 

22 

2-373 

1-911 

231                 1 

551 

2-425 

23 

2-350 

1-805 

2125            1 

605 

10-000 

24 

2-350 

1-910 

220                1 

4721 

5-000 

23 

2-343 

1-923 

210                1 

407 

2-492 

28 

2-843 

1-939 

202                1 

35H7 

2-425 

27 

2-340 

1-910 

215              1 

4353 

10-000 

26 

8-335 

1-925 

205              1 

3718 

5-000 

29 

" 

1353 

2-500 

80 

„ 

1 

4353 

2-500 

31 

1-9B4 

1-755 

1045 

6104 

9-917 

32 

5-000 

33 

2-500 

34 

1-495 

1-292 

1015 

4443 

9-917 

35 

5-000 
2-500 

CO 

(=1 

(3) 

(4) 

(6) 

m 
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m.i,.«.. 

W,l^t^ 

^™"iiSr 

EipediDBit. 

Btduad. 

DUIerente 
pwCent, 

Byn™™.. 

c^g 

by'lS^p-rl. 

11* 

Iba 

lbs. 

Iba 

v™ 

91,402 

86,800 

-  5 

0 

326,600 

108,400 

16 '021 

106,122 

95,090 

-10 

4 

580.500 

108.400 

18-600 

60,073 

60,810 

+  1 

2 

221.7(10 

76,570 

14-908 

69,002 

72.200 

+  4 

6 

950.300 

76,570 

17-123 

74,411 

73,370 

4-   1 

3 

3.610.OU0 

76,570 

18-464 

49.900 

S!),310 

+  6 

8 

116,750 

81,075 

11-710 

53,770 

53,070 

-  1 

3 

175.200 

68,650 

14-880 

47,212 

47.880 

+  1 

4 

1(15,200 

72,690 

12-340 

74.988 

na.ajn 

+  24 

9 

297.900 

122,500 

11-628 

76,780 

94.32U 

+22 

8 

301,000 

123.300 

11-832 

79,916 

03,760 

+20 

3 

301,500 

122,300 

12-418 

98.122 

106,850 

+  8 

i 

650,200 

121,200 

15-381 

137,322 

117,550 

-14 

i 

2,919,000 

121.200 

21 '530 

86,922 

108,100 

+  24 

i 

660,500 

123,200 

13-404 

42.122 

54,910 

+30 

i 

05,230 

60.180 

13 ■299 

62,874 

56.934 

+  7 

7 

791 .000 

60,180 

16-693 

37,356 

30,850 

-17 

4 

50,010 

57,420 

12362 

23,958 

16,030 

-33 

0 

22.575 

34.240 

13'294 

28,244 

26,560 

-  6 

0 

88.800 

34,240 

15-670 

29,364 

+  9 

0 

355.200 

34,240 

16-290 

54,666 

64,750 

+  18 

4 

610.500 

70,270 

14-780 

57,354 

61,230 

+  6 

8 

619,000 

66,140 

16-476 

37,516 

28.940 

-22 

8 

37,660 

68,310 

9-600 

43,180 

46,621 

+  8 

0 

130.600 

62,6nO 

13-094 

53,770 

55,180 

+  a 

6 

525,800 

59,880 

17-060 

63,770 

58,050 

+  9 

6 

540,000 

64,210 

17-665 

31,828 

25,650 

-19 

4 

33,160 

61,090 

9-901 

41,164 

31,660 

-23 

127.150 

58,380 

13-392 

62.588 

56,040 

+  6 

5 

508,600 

61,090 

16 '357 

60,796 

56,040 

+  10 

3 

508,600 

61,090 

15' 799 

14.158 

9,807 

-31 

8 

11,530 

26,040 

10-350 

20,332 

18,200 

-18 

4 

45,360 

26,040 

22,572 

23,510 

+  4 

1 

181.440 

26,040 

16' 509 

6,514 

5,137 

-21 

2 

5,295 

18,870 

6'550 

13.860 

11,235 

-19 

0 

20,830 

18,870 

13-920 

15,204 

16,130 

+  6'1 

83,310 

18.870 

13-277 

<l) 

(S) 

m 

[10) 

(10 

(11) 
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4  incheB,  a  =  SJ  iaches,  L  =  11  feot,  both  onils  flot,  we  have 
223  X  (4"  -  Si")  -r  H*,  or  223  X  (147  -  90-'J)  -^  121  = 
103*5  tons  =  F.  Correoting  for  laoipient  cmsbing  (IGl),  the 
area  of  the  euctioD  being  4-75  square  incboa,  Cp  becomeB 
4-75  X  19  =  90-25  tons,  J  Of  =  67-69  tons,  hence  P,,  = 
(103-B  X  90-25) -^  (103-5 +  67-69)  =  54-56  tons  breaking 
weight 

With  thin  plates  of  wroaght  iron  correction  is  required  for 
incipient  "  Wriukliug"  (249)  rather  than  incipient  crushing:  in 
our  case,  however,  the  wriBkliag  strain  is  (V  -25  -^  n/Tj  x  80, 
or  (-5  -^2)  X  80  =  20  tons  per  aqnare  inch,  which  being  in 
exccse  of  19  tons,  the  crashing  strength  of  wronght  iron  in 
pillftTB  (201),  the  strength  ia  governed  by  the  latter. 

(233.)  "  Beclrngvlar  Pillare  of  Wrought  Iron."— For  rectan- 
gular sections,  other  than  square,  the  rnlos  for  square  pillars  Hi© 
modified,  and  we  have: — 
.    (234.)  F  =  MpX("x6-rL'. 

(235.)  t  ='^{V  X  L'-j-(MpX  6)}. 

(236.)  b  =  V  X  V -~  (Ml  X  e'). 

(237.)  L  =  ^(Mp  X  i"  X  6-f-F). 

(238.)  M,  =FxL'-^(?'x6). 

In  which  the  letters  have  the  same  signification  aa  in  (177), 
namely  F  =  the  breaking  weight  by  flexure  in  lbs.,  tons,  &o., 
dependent  on  the  value  of  Mp  as  given  by  Table  34,  t  =  the 
thickness  or  least  dimension  of  the  rectangular  pillar,  the  2-6 
power  of  which  is  given  by  col.  3  of  Table  35  ;  6  -  the  greftteat 
dimension,  and  L  =  length  in  feet,  &c. 

(239.)  Table  53  gives  the  results  of  twenty-one  ezperiments 
on  solid  rectangular  pillars  of  wronght  iron  by  Mr.  Hodghinaon ; 
col.  9  has  been  calculated  by  the  role  (234),  the  value  of  Mp  for 
rectangular  pillars  with  botJi  ends  flat  being  taken  at  498,500, 
or  say  500,000  Iba.,  from  Table  34.  Thns  taking  No.  9  as  an 
example,  to  flnd  (",  the  logarithm  of  -995  or  1-9978  x2-6  = 
1  ■  99428,  the  natural  number  due  to  which,  or  -  9869,  is  the  2  -  6 
power  of  t,  and  7-6'  being  =  56'25,  the  rule  becomes  500000 
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X  '9869  X  5*86  -7-  66-25  =  51410  lbs.  =  F,  or  the  breaking 
weight  by  flexure,  as  in  col.  9.  We  shall  find  that  this  does 
not  require  correction  for  incipient  crashing;  the  area  of 
the  section  is  5*86  X  *995  =  5*8307  square  inches,  and  the 
crashing  strength  being  19  tons  or  42,560  lbs.  per  square  inch 
(201),  Cp  becomes  42560  x  5*8307  =  248100  lbs.,  as  in  col.  8, 
therefore  ^  Cp  =  62025,  and  as  F  is  less  that,  namely  51,410  lbs., 
the  correction  is  not  required  (164).  The  experimental 
breaking  weight  was  54,114  lbs.,  as  in  col.  5,  hence  we  have 
51410-7-54114  =  '95,  showing  a  difference  or  error  of  —  5 
per  cent.,  as  in  col.  7. 

Table  63. — Of  the  Stbbngth  of  Rectanoulab,  Solid  Pillabs  of 

Wbought  Ieon,  both  ends  Flat. 


1 

d 

Length. 

DimeiifiioxiB 

Ultimats  Stbknqth. 

By  Experiment. 

By  Cakmlatlon. 

By 

A*. 

Per 

Square 

Inch. 

Total. 

Total. 

Error 
Percent. 

Cnubiflg 

Strain, 

Cp. 

By 

Mexore. 

F. 

feet. 

tons. 

lbs. 

lbs. 

lb?. 

lbs. 

1 

10 

2-98 

X 

•497 

-364 

? 1.222 

2,418 

■  • 

63,030 

2.418 

2 

10 

301 

X 

•766 

1-508 

7,793 

7.526 

-    34 

98,140 

7,526 

3 

10 

2-99 

X 

•995 

1-911 

12,735 

14,760  +  15^0 

126,600 

14.760 

4 

10 

300 

xl 

•51 

4-538 

46,050 

43.800 

-    4-9192,8001 

43,800 

5 

7-5 

1024 

X1025 

4-354 

10,236 

9,691 

-    5-3 

44,670 

9,691 

6 

7-5 

2-983 

X 

•5023 

1^076 

3,614 

4,424 

+  22-4 

63,770 

4.424 

7 

7-5 

3005 

X 

-9955 

4  425 

29.616 

26.400 

-10-9 

127,300 

26,400 

8 

7-5 

300 

Xl 

•53 

8-923 

91,74659,600 

-  34^8  195,300 

64.310 

9 

7*5 

5-86 

X 

•995 

4  143 

54,114 

51.410 

-    5-0248.100 

51,410 

10 

5 

1-024 

xl 

•024 

7-709 

18,106 

17,590 

-    2-8 

44,600 

21.780 

11 

5 

2-98 

X 

•507 

2-502 

8.469 

10,190 

+  20-4 

64,310 

10.190 

12 

5 

301 

X 

•767 

5-790 

29,955 

28.400 

-    5-2 

98,270 

30.060 

13 

5 

3-01 

X 

•995 

8-066 

54.114 

48,860 

-    97 

127,400 

59,420 

14 

5 

5-84 

X 

•996 

7-901 

102,94694.980 

-    7^7,247.600 

115,600 

15 

2-5 

1-0235x1-0235 

11  307 

26.530  32,200 

+  214 

44.580 

86.980 

16 

2-5 

2-9867X 

-5026 

7*524 

25,299  29.080 

4-15-0 

63,890 

40.030 

17 

2-5 

3*01 

X 

•763 

12-396 

63,786  60,530 

-    5-1 

97,760 

119,200 

18 

2-5 

3-00 

X 

•996 

13-239 

88,610 

90,730 

+    2-4 

127.200 

237,500 

19 

1-25 

1023 

xl 

•023 

15-426 

36,16240,6301  4- 12  3 

44.540 

347.400 

20 

0-625 

1023 

X1023 

21-733 

50.946 

43.500 

-14-6 

44,540 

1,389,000 

21 

0*3125 

1023 

xl 

-023 

23  549 

52.749 

44,284 

•  • 

44,540 

5,558,400 

(1) 

(2) 

(3) 

(0 

(5) 

(6) 

(») 

(8) 

(») 
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To  vary  the  illuBtration  we  will  tnke  a  pillar  very  similar  in 
section  to  tho  last,  but  ouly  5  feet  long,  say  No.  li  in  the 
Tftbla  63 :  tbe  logarithm  of  ■  996  =  1  ■  99836  X  2  ■  6  =  1  ■  995476, 
the  nntural  number  due  to  which,  or  ■  9896  =  (*' ;  then  500000 
X  -9896  X  5-84  -^  25  =  llSGOOlbs.  =  F,  as  iu  eol.  9. 

Then  the  area  =  '996  x  G'81  =  5*8166  square  inches,  hence 
Cp  becomes  5-8166  X  42560  =  247600  lbs.,  as  in  ool.  8,  J  Cp 
=  185700  lbs.,  and  tho  rule  in  (164),  gives  (115600  x  247600) 
-^(115600  +  185700)  =  91980  lbs.,  mlBced  breaking  weight, 
as  in  coL  6.  Tho  exporimental  result  was  102,946  lbs.,  tho 
difference  being  94980  -^  102946  =  -  923,  or  1  ■  0  -  ■  923  =  •  077, 
showing  an  error  of  —  7'7  per  cent 

(240.)  Table  53  has  been  calculated  in  this  way  throughout : — 
the  sum  of  all  the  +  errors  in  col.  7  is  108-9,  and  of  all  the 
—  errors,  109  ■  4,  tboy  are  therefore  practically  eijualized.  The 
greatest  +  error  is  22-4  per  cent.,  and  the  greatest  —  error  = 
34-8  percent.  (959). 

(241.)  Messrs.  Kcnnard  have  made  some  experiments  on 
WTOnght-iroD  pillars  of  cmciform,  J.  iron,  and  other  sections, 
the  results  of  which  are  given  by  Table  64;  unfortunately 
there  is  some  doaht  as  to  the  form  at  tho  ends,  some  were  cut 
away  there,  so  as  to  approximate  the  case  to  a  pillar  with  both 
ends  pointed,  and  others  approximate  to  the  form  of  pillars 
with  ends  flat.  All  we  ean  do  is  to  calculate  for  both  conditions, 
and  it  will  be  found  that  the  experimental  results  are  between 
those  extremes  which  do  not  differ  nearly  so  mnch  as  1  to  S,  (149) 
being  governed  by  incipient  crushing. 

(242.)  "  Wroughl-iron  PilloTs  of  +  Secf.on."— The  cruciform 
pillars  were  of  the  sizes  shown  by  Fig.  44,  and  were  5  feet  long ; 
they  would  therefore  fail  by  flexure  in  the  direction  of  the  least 
dimension  (2|^  inches),  and  the  strength  may  be  calculated  as  in 
(239)  by  the  rule  (234).  Thus  24"'  =  10-84  by  col.  3  of 
Table  35 ;  for  a  pillar  with  both  ends  pointed  Mp  =  102900  by 
Table34,  then,  162900x10-84  X-375  =  6G2200  lbs.  due  to  the 
rib  a  as  a  pillar  one  foot  long.  For  the  resistance  of  the  rib  e, 
|«'  =  -  0781  by  col.  3  of  Table  35,  and  the  breadth  6  in  the  rule 
b6ing3  -0-376  =  2-625,  we  obtain  162900  X  -0781  x  2-625 
=  33400  lbs.     The   sum  of  the  two  is   662200  +  33400  = 
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Table  64. — Of  Expbbimbntb  on  Wrouoht-ibon  Pillabs  of  T,  L* 

and  other  Sections. 


Length. 

Two  Ends  Flat 

Two  Enda  Pointed. 

Form. 

Fig. 

GalcolAted. 

Maximum  : 
Experiment. 

Mlnimnm : 
Experiment 

Calculated. 

feet. 

+ 

5 

47,000  lbs. 

38.304  lbs. 

34,944  lbs. 

25,350  lbs. 

44 

») 

)) 

21-0  tons 

17-1  tons 

15-6  tons 

11-32  tons 

*) 

± 

t> 

59,670  lbs. 

62,989  lbs. 

42.000  lbs. 

35,350  lbs. 

46 

„ 

9t 

26*65  tons 

28  12  tons 

18-75  tons 

15-78  tons 

)f 

L    , 

n 

21-79    „ 

18-75    „ 

•  • 

•  • 

47 

1 
*»        1 

4 

24-99    ^ 

23-43    „ 

•  • 

•  • 

n 

" 

3 

28-21    „ 

28-12    „ 

•  • 

■  • 

9, 

1 
"        1 

H 

32-22    „ 

31-30    „ 

•  • 

•  • 

>f 

M 

5 

•  • 

•  • 

12-25    „ 

12-55    „ 

f9 

LJ 

n 

20-28    „ 

17-10    „ 

14-00    „ 

9-85    „ 

49 

(1) 

1 

(2) 

(3) 

(4) 

(6) 

(«) 

0) 

695600  Ibe.,  which  for  a  length  of  5  feet  becomes  695600  -r-  5' 
=  27824  lbs.,  the  breaking  weight  by  flexure  =  F.  Bedncing 
this  for  incipient  crushing  (164) ;  the  area  of  the  whole  section 
is  1  •  88  square  inch,  hence  1  -  88  X  42560  =  80013  lbs.,  the 
value  of  Cp,  and  60,010  lbs.=  |  Cp ;  then  the  rule  (164)  becomes 
Pc  =  (27824  X  80013)  -r  (27824  +  60010)  =  25350  lbs.,  the 
reduced  breaking  weight  with  both  ends  pointed,  as  in  col.  6 
of  Table  54 :— experiment  gave  34,944  lbs.,  col.  5,  which  seems 
to  show  that  the  form  at  the  ends  did  not  conform  to  that 
condition. 

With  both  ends  flat,  F  would  be  greater,  in  the  ratio  of  the 
respective  Multipliers  Mp  given  by  Table  34,  and  becomes 
27824  X  600000  -r  162900  =  85400  lbs.,  which  corrected  for 
incipient  crushing  becomes  (85400  x  80013)  -r-  (85400  +  60010) 
=  47000  lbs.,  col.  3 ;  experiment  gave  38,304  lbs.,  col.  4,  which 
seems  to  show  that  the  condition  of  both  ends  flat,  so  favourable 
to  strength,  was  not  fully  attained.  The  small  difference 
between  the  results  of  the  two  experiments,  namely  38304  — 
34944  =  3360  lbs.  only,  or  about  9  per  cent.,  shows  that  the 
form  at  the  ends  were  nearly  alike,  although  intended  to  be  very 
different.     The  calculated  diflerence  was  47000  -  25350  =: 
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21650  Ibs^  and  the  cxpcrimeutol  diffoxenco  notild  have  I 
abont  the  Eame  if  tbe  conditions  asaatncd  had  been  fulfilled.   I 
Bat  it  will  be  obserrud  that  the  two  experimental  rcsulta  &U 
betwoen  the  two  calculated  ones. 

(243.)  "  Wroughl-irtm  J,  PiUan."—Let  Fig.  45  be  the  section  i 
of  a  X  iron  pillar  of  wrought  iron,  say  10  feet  long,  both  ends  ] 
flat.     Such  a  pillar  may  fail  by  floxure  in  any  one  of  the  threo 
directions  ehown  by  the  arrows  A,  B,  C,  and  of  courao  it  will 
select  the  cue  in  which  the  reeiBtoJiCQ  is  the  least,  or  where  ^ 
I"  X  b  has  the  lowest  valne. 

In  the  direction  A,  wo  hace  (l''  X  06)  +(0-5'"'  x  3'S)o 
(3G-7  X  0-5) +{-165  X  3-5)  =  18-9276. 

It  should  be  obaervod  that  the  rib  B  coutributoB  only  3  per 
cant,  to  the  strength :  it  might  therefore  be  neglected  with 
impunity:  thus  (-165  x  3-5) -^18-9275  = -03,  or  3  per  cent 
(186).  In  the  direction  of  B,  reckoning  for  wrought  iron 
from  the  line  N,  aa  we  found  it  noocssaiy  to  do  in  calculattng 
the  transverBo  strength  (378),  we  have  (3  ■5*'°  x  0-5)  + 
M"'  _  3-5*')  X  4!  =  55-8,  or  nearly  three  times  the  redstauce 
in  the  direction  of  A  :  the  pillar  will  therefore  not  give  way  in 
that  direction  nulese  it  is  forced  to  do  so  I7  the  mode  of  fixing. 

In  the  direction  of  C  we  must  calculate  for  wrought  iron 
from  the  line  F,  and  C'  X  b  then  becomes  (0-5"  x  4)  + 
U'-'  -  0-5*')  X  0-5}  =  18-9275,  or  the  same  as  in  the 
direction  A ;  the  pillar  may  therefore  fail  in  either  direction 
indifilerently.  Then  by  the  rule  in  (234)  we  have  223  x 
18-9275  ~  100  =  42-24  tons  =  F.  Then  for  incipient 
crushing  (164),  the  area  of  the  section  being  3*75  square 
inches,  Cp  becomes  3-75  x  19  =  71-25  tons,  and  f  Op  = 
53-54  tons,  hence  (42-24  x  71-25)  -H  (42-24  +  53-44)  = 
31  -  46  tons  breaking  weight. 

(244.)  Experiments  were  made  on  pillars  whose  section  is 
given  by  Fig.  46,  the  length  being  5  feet,  one  of  them  haTing 
flat  ends  or  approximately  so,  and  the  other  pointed.  Assuming 
that  the  pillar  will  bend  in  the  direction  of  the  arrow  D, 
and    calonlating    aa    in    (243),    we    have  (3**   X    -375)  + 
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(0-376**x  2-625)  or  (17-4  X  -375)  +  (-0781  X  2-625)  = 
6-73,  wldch  is  <*  •  x  6  in  the  rule  (234),  hence  162900  X  6-73 
-f-  25  =  43850  lbs.  =  F,  or  the  breaking  weight  by  flexure. 
The  area  of  the  section  =2-1  square  inches,  hence  Cp  = 
2-1  X  42560  =  89380  lbs.,  and  f  Cp  =  67030  lbs.:— then  the 
rule  in  (164)  becomes  (43850  x  89380)  ^  (43850  +  67030)  = 
35350  lbs.  breaking  weight  of  a  pillar  with  both  ends  pointed, 
col.  6  of  Table  54 :  experiment  gave  42,000  lbs.,  col.  5. 

The  same  pillar  with  both  ends  flat,  gives  500000  x  6-78-7- 
25  =  134600  lbs.  for  the  value  of  F,  hence  (134600  x  89380) 
-r  (134600  +  67030)  =  59670  lbs.  breaking  weight,  col.  3 : 
experiment  gave  62,989  lbs.,  col.  4. 

(245.)  "  Wrought-iron  L  Pi7W«."— This  form  of  pillar  fre- 
quently occurs  in  the  struts  of  roofs  and  other  structures,  the 
determination  of  the  strength  is  therefore  a  matter  of  consider- 
able practical  importance.  We  have  first  to  find  the  direction 
in  which  such  a  pillar  will  fail  by  flexure,  which  of  course  will 
be  the  one  in  which  it  is  the  weakest. 

Let  Fig.  48  be  the  section  of  a  3-inch  angle-iron,  |  inch 
thick,  which  as  a  pillar  may  fail  by  flexure  in  one  of  three 
directions  indicated  by  the  arrows  A,  B,  C.  To  find  f'^xhin. 
the  direction  A  we  must  calculate  from  the  line  N  for  wrought 

iron  (378),  and  we  have  (f  •  X  3)  +  |3*«  -  |««)  x  f)  or 

(0781  X  3)  +  |l7-4  -  -0781)  x  -375}  =  6-73.  In  the  other 
direction  B,  we  must  calculate  from  the  line  P,  and  we  obtain 

|3««  -  2f  •)  X  3}  +  (2f««  X  t)  or  {l7-4  --  12-28)  x  S}  -f 

(12-28  X'375)  =  19-965,  or  nearly  three  times  the  strength 
in  the  direction  A.  For  the  direction  C,  t  must  be  measured 
angle-wise,  and  in  our  case  becomes  2^  inches  as  in  the  figure, 
the  breadth  h  becoming  the  sum  of  the  thicknesses  of  the  two 
ribs,  or  }  inch.  We  thus  obtain  2i««  X  }  or  8-23  x  '75  = 
6*1725,  which  being  less  than  either  of  the  others,  shows  that 
the  pillar  will  fail  in  the  direction  C. 

(246.)  Experiments  were  made  on  pillars  Whose  section  is 
given  by  Fig.  47 ;  there  were  four,  flat  at  both  ends,  the  lengths 
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being  IJ,  3,  4,  and  5  feot  respectively ;  one  wne  5  foci  long  witli 
both  ends  pointed  or  approximately  Bi>.      Admitting  that  the 
pillftr  will  fail  by  flexure  in  the  direction  of  the  arrow  &b  ia 
(215),  I  will  bo  2^  inches,  and  b  =  |  inch,  and  taking  Mp  from 
Table  34  at  223  tone,  and  ^'^'  at  8 '23  from  Table  36,  we 
obtain  for  IJfL'ot  long  2'23  X  8-23  x-625-^2'25  =  510-2toiiB 
for   tho  valoe  of  F.      This   roqnirea  correction  for  incipient 
crnshing  (lti4):  the  area  being  1-73  inch,  and  tlie  crushing 
atrongtfa  of  wrought  iron  in  pillars  =19  tons  per  square  inch 
(201),  C,.  beoomee  1-78  X  19  =  33-82  tons,  .and  J  Op  =  ■ 
25-36  tons;    then  (510-2  x  33-82)  -^  (510-2  +  25-36)  s:  J 
32-22  tons,  col.  3:  experiment  gave  31-3  tons,  col.  4.    Table  S4A 
has  been  oolonlated  in  this  way  for  the  sercral  lengths,  from  1 
li  to  5  feet. 

For  the  pillar  with  both  ende  pointed,  Mr  =  72-7  from 
T«blo  34,  audUio  rule  becomoB  72-7  X  8-23  X -625 -j- 25  = 
14-96  toafl=  F:  then  (14-96  X  33-82) -^  (14-96  +  20-36)  = 
12-55  tiini!,  col.  Ti,  the  reduced  breaking  weight;  cxpcritnent 
gave  12-25  tons,  col.  6 

(247.)  "  WroughUiron  ^^PiUara." — Experiments  wore  made 
on  two  pillars  whose  section  is  given  by  Fig.  49.  Such  a  pillar 
might  foil  by  flexnre  in  one  of  three  directions  as  indicated  by 
the  arrows  A,  B,  C.  In  the  direction  A,  tho  thin  ribs  R,  R 
would  be  subjected  to  compression,  therefore  (378)  we  must 
calcolate  the  strength  from  the  line  N,  and  t*'  X  6  by  nhicb 

the  strength  is  governed,  becomes (|'*'  x  3)  +  |l|''-^'"')  X  3} 

or  (-0781  X  3)  +  |4-28-  -0781)  X -751  =  3-3857.     In  the 

direction  B,  we  have  (Ij"  X  3)  -  (Ig"'  x  2i)or(4-28  X  3) - 
{2-28  X  2-25)  =  7-71,OTaboatdouble  that  in  the  direction  A. 
In  the  third  direction  C,  we  obtain  (3*'  x  If)  -  (2i"  X  IJ) 
or  (17-4  X  1-75)-  (8-23  x  1-375)  =  19-134,  or  nearly  six 
times  the  strength  in  the  direction  A.  We  find  from  this  that 
the  strength  of  the  pillar  must  be  calcnlated  for  A ;  then  for 
both  ends  flat  Mp  =  223,  and  for  a  length  of  5  feet  we  have 
223  X  3-3857-^  25  ^  30-23  tons  =  F.  Bednoing  for  incipient 
crnshing,   the  area    being   2-15    sqnare   inches,   Cp  beoomea 
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2-15  X  19  =  40*85  tons,  and  |  Cp  =  80*64  tons,  hence 
(30-23  X  40-85)  -r-  (30-23  -f  30-64)  =  20-28  tons,  col.  3. 
Experiment  gave  17*1  tons,  col.  4. 

For  the  same  pillar  with  two  pointed  ends  we  obtain 
72-74  X  3*8857 -H  25  =  9*85  tons  «=  F,  which  being  less  than 
^  Gp,  correction  for  incipient  crashing  is  not  required  (169), 
and  the  breaking  weight  is  9  -  85  tons :  experiment  gave  14  tons, 
coL  5. 

The  experiments  gave  17*1  and  14  tons  respectively;  the 
difference  is  only  3-1  tons,  whereas  the  calcolated  difference  is 
20*28  —  9*85  =  10*43  tons,  which  shows  that  in  the  experi- 
ments the  assumed  form  at  the  ends  was  not  complied  with 
perfectly  in  either  case  (241).  Here  again  the  experimental 
results  fall  between  the  calculated  ones,  as  in  (242). 

Table  54  gives  a  collected  statement  of  the  results  of  experi- 
ment and  calculation  on  these  pillars  of  unusual  sections  (242) 
to  (247). 

" HoUow  Bectangular  PiUara  of  Wrought  Iron" — For  rectan- 
gular pillars  other  than  square  the  rules  in  (230)  become : — 

(248.)      F  =  Mp  X  {<»••  X  6 )  -  {tr  X  h)  -T-  L«. 

In  which  t  =  the  least  dimension  of  the  pillar  externally,  and 
to  internally ;  h  =  the  breadth  or  largest  dimension  externally, 
and  60,  internally,  all  in  inches,  and  the  rest  as  in  (233),  namely 
L  =  length  in  feet,  Mp  =  multiplier,  whose  value  is  given  by 
Table  34,  and  F  =  the  breaking  weight  by  flexure,  in  lbs.  or 
tons  dependent  on  Mp. 

Thus  for  a  pillar  3x4  externally,  and  2^  x  3^  internally, 
in  which  <  =  3;  6  =  4;   (0  =  2^;  60  =  3j^;  L  =  9  feet,  both 

ends  being  flat,  we  have  223  x  {3"^  x  4)  -  (2i"  x  8j}  -h  81, 

or  223  x{l7-4  x  4)  -(10*84  x  3*5}-r-81  =  87*24  tons  =  F. 

Cknrecting  for  incipient  crushing,  the  area  being  3*25  square 
inches,  dp  becomes  3 -25  x  19  =  61*75  tons,|Gp  =  46*31  tons, 
therefore  by  the  rule  in  (164),  (87*24  x  61*75) -4- (87*24  + 
46*81)  =  40*34  tons  breaking  weight.  In  this  case,  as  in 
(282),  correction  for  incipient  '*  Wrinkling  "  is  not  required. 

L  2 
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(349.)  "  Incipient  WrinlcUng."—lt  is  shown  in  (306)  that  thin 
wronght-iron  plates,  where  the  breadth  is  oonsiderable,  will  ful 
by  wrinkling  or  cornigatiiig  nudar  a  compressivG  load,  with  m  j 
strain  very  moch  lesa  than  tho  ftbsoluto  cmehiiig  strength  of  j 
wronght  iron.     For  plates  forming  the  sides  of  a  pillar,  wo  bam    , 
the  rule : — 

(350.)  W„  =  (/( 4-  Vi)  X  80, 

In  which  f  =  tho  thickness  of  pUt«,  and  b  =  the  breadth  i 
sapportod,  both  in  inches,  Wn  —  the  compressiTo  wrinkling' 1 
strain  in  tons  per  square  inch.     Thne  for  a  plate  |-  inch  thick,  I 
and  9  inches  wide,  forming  one  side  of  a  pillar  9  inches  squaro^  | 
we  have  (Vi  -^  V9)  x  80.  or  (-3535  -^  3)  x  80  =  t 
tons  per  square  inch,  being  less  than  half  the  crushing  strei^th 
of  wrought  iron  in  pillars  (201),  which  ia  19  tons  per  square 
inch.     When,  however,  the  plate  is  thick  in  proportion  to  the 
breadth,  the  wrinkling  strain  may  become  greater  than  tile 
crushing  strength,  and  in  tljat  case  tho  strength  of  the  pillar  ig 
governed  by  the  latter.     An  example  of  this  is  given  in  (409). 
Table  63  gives  the  wrinkling  strain  for  wrought-iron  plates  of 
Tarions  thicknesses  and  breadth  when  forming  part  of  a  pillar 
particnlarly,  for,  as  shown  in  (321)  and  Table  62,  the  resistance 
of  plate-iroa  in  beams  is  greater  tjian  in  pillars  in  the  ratio  of 
104  to  80. 

(251.)  It  should  be  observed  that  the  strength  of  a  pillar  is 
governed  by  that  of  the  weakest  plate : — for  instance,  in  a  rec- 
tangnlar  pillar  whose  sides  are  in  the  ratio  of  2  to  1,  with  equal 
thickness  all  over,  the  narrow  end  plates  are  stronger  than  the 
sides  in  the  ratio  of  a/2  to  >^1,  or  1*414  to  I'O,  but  when  the 
wide  plate  fails  by  wrinkling  tinder  the  strain,  the  whole  of  the 
load  is  thrown  npon  the  end  plates,  and  they  fail  under  that 
increased  load  in  spite  of  their  superior  strength,  which  in  such 
a  case  goes  for  nothing.  Evidently,  the  most  jndicions  course 
is  to  make  the  wide  {dates  thicker  than  the  narrow  ones,  so  as 
to  prodnoe  egualUi/  of  strength  all  over ;  and  as  the  resistance  to 
wrinkling  is  proportioned  to  V* -i-  V  6  hy  the  rule  in  (250),  it 
follows  that  the  thickness  of  plate  should  be  simply  piopor- 
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tionate  to  the  breadth  unsupported,  so  tliat  for  breadths  in  the 
ratio  of  1,  2,  3,  the  thicknesses  should  be  in  the  ratio  1,  2,  3 
also. 

When  it  is  thus  found  that  the  Wrinkling  strain  is  less  than 
the  crushing,  the  correction  of  F  must  be  made  by  the  rule : — 

(262.)  Pw  =  PxCw-r(F  +  }Ow). 

But  when  the  crushing  strain  is  less  than  the  wrinkling,  the 
rule  becomes : — 

(253.)  Po  =  F  X  Cp-r  (F  +  fOp). 

In  which  F  =  the  breaking  weight  of  the  pillar  due  to  flexure 
by  the  rule  in  (248),  &o. ;  C  =  the  specific  crushing  strength  of 
wrought  iron  per  square  inch,  namely  19  tons,  or  42,560  lbs. ; 
Cp  =  resistance  of  the  pillar  to  oru^Atn^,  due  to  the  area  of  the 
section,  and  the  value  of  0 ;  Ww  =  Ihe  wrinkling  strain  in  lbs., 
tons,  &c.,  per  square  inch,  which  varies  with  the  thickness  and 
breadth  of  the  plate,  and  may  be  calculated  by  the  rule  in  (250) 
or  (308).  Cw  =  the  wrinkling  strain  on  the  whole  pillar,  due 
to  the  area  of  the  section,  and  the  value  of  Ww ;  ^o  =  ^^ 
breaking  weight  of  the  pillar  reduced  for  "  Incipient  Grushing  " 
in  tons,  lbs.,  &c.,  dependent  on  the  terms  of  F  and  0 ;  Pw  =  the 
breaking  weight  of  the  pillar  reduced  for  **  Incipient  Wrink- 
ling "  in  tons,  lbs.,  &c. 

Of  course  it  will  be  understood  that  the  whole  must  be  taken 
in  the  same  terms ;  for  instance,  if  F  be  taken  in  Tons,  all  the 
rest  must  be  in  Tons  also. 

(254.)  ^* Experimental  Bestdia" — ^Table  55  gives  the  results 
of  29  experiments  by  Mr.  Hodgkinson  on  square  and  rect- 
angular pillars  of  thin  wrought-iron  plate;  col.  9  gives  the 
calculated  breaking  weights  by  flexure,  or  F ;  the  square  pillars 
by  the  rules  in  (230),  and  tiie  rectangular  ones  by  those  in 
(248). 

(255.)  **  Square  FiUara^ — ^As  an  example  of  the  former  we  may 
take  No.  4,  whose  section  is  shown  by  Fig.  50 ;  to  find  8' '^  we 
have  the  logarithm  of  8*1  =  0*908485  X  3*6  =  3*270546, the 
natural  number  due  to  which  ==  1864.  Then  for  «***,  the  loga- 
rithm of  7-98  =  0*902003  x  3*6  =  3-247211,  the  natural 
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9-598 
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9-772 
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121.600 
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+  28-5 
+  22-4 

81,250 
40,870 
1113,180 
653,9-20 

22.110 
7.725 

9-075 
6-843 

6-5988 
4-902 
6140 
5-S37 
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number  dno  to  which  =  1767:  from  tLeee  wc  obtain  1864—1767 
=  'J7  for  the  value  of  8'"  -  «"  in  the  rule  in  (230).  Taking 
the  value  of  Mr  from  Table  34,  at  498,500  lbs.,  we  obtain 
498500  X  97  H- 100  =  483G0O  lbs.  =  P,  aa  in  col.  9. 

(266.)  This  will  require  correction  for  "Incipient  Wrink- 
ling": wohave  first  to  find  W„  by  the  rule  (250),  namely 
Ww  =  (V/  -^  Vb)  X  80,  which  in  our  case  becomes  (V'UG-i- 
*/8-l)  X  80,  or  (■2449-^2-846)  x  80  =  5 -408  tons  per  square 
inch,  es  in  col.  11.  This  is  a  very  low  rcBult,  and  is  due  to  the 
extreme  thinness  of  the  plate.  To  find  C,  iu  lbs.,  the  area  of 
the  whole  Bection  being  2*07  aqunre  inchen  by  col.  4,  we  have 
5 -408  X  2240  x  9'07  =  25350  lbs.,  as  in  col  10,  therefore 
J  C„  =  19010  IbB.,  and  the  rule  (252),  or  P„  =  F  x  C„  -^ 
(F  +  |C„)  becomes  483500x25360-^(483600  +  19010)  = 
24390  lbs.,  the  reduced  breaking  weight,  aa  in  ool.  7.  The 
eiperimeat  gave  27,545  lbs.,  henco  we  have  24390  -r  27545  = 
■886,  showing  an  error  of  I'O  -  -886=  '114,  or  -  11-4  per 
ceut.,  lis  in  cul.  8. 

We  may  now  give  an  illnstration  of  the  error  that  wonld 
have  occurred  in  thia  case  if  we  had  neglected  "Wrinkling" 
and  calculated  for  incipient  emihiftg  in  the  ordinary  method  for 
solid  pillars.  Thna  0,  or  the  crushing  strength  of  nronght 
iron  in  pillars,  being  19  tone,  or  42,560  per  square  inch,  and 
the  area  2-07  square  inches,  d  becomes  42560  x  2-07  = 
88100  lbs.,  and  j  Cp  =  66070  lbs. ;  then  the  nile  Pc  =  P  x  Op 
—  (F  + jCp),  becomes  483600  x  88100 -^  (483600 -)- 66070) 
=  77610  lbs.,  whereas  eiperiment  gave  27,545  lbs.  only.  The 
calculated  strength  is  77510-^27545  =  2-814  times  the  ex- 
perimental^ an  error  of  181-4  per  cent.  I 

(257.)  "  Seclangular  PiUars," — As  an  example  of  the  method 
of  calculating  the  strength  of  rectangular  pillars  of  thin  plate- 
iron  by  the  rules  in  (248)  and  (252),  &c.,  we  wUl  take  No.  15 
iu  Table  65,  whose  section  is  shown  by  Fig.  51.  For  C,  the 
It^arithmof  4-1,  or  0-612784  x  2-6=  1-593238,  the  natnral 
number  due  to  which  is  89-2,  hence  f'  x  6,  becomes  39-2  x 
8-175  =  320-5;  then  for  (/',  the  logarithm  of  3-978,  or 
0-699666  X  2-6  =  1-669129,  the  natural  number  due  to  which 
is  86-235,  and  1«"  x  &i»'becomes  36-235  x  8-063  =  291-8. 
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With  these  yalues,  and  a  length  of  2  •  338  feet,  the  rnle  in  (248), 
namely  F  =  Mp  X  |  <*'•  X  6)  -  (C«  X  &o}  -M^S  becomes  in 

onr  case  498500  X  (320-5  -  291-8)  -^- 5-444  =  2,628,000  lbs. 
breaking  weight  by  flexure  =  F,  as  in  col.  9. 

(258.)  Correcting  this  result  for  "Incipient  Wrinkling" 
(249),  we  have  to  find  Ww  by  the  rule  (250),  or  Ww  =  (  V"*  -f-  V  6) 
X  80,  which  in  our  case  becomes  (V-061-r-  V8-175)  X  80, 
or  (•2474-2-859)  x  80  =  6-911  tons  per  square  inch,  and 
the  area  of  the  whole  section  being  1  -  532  square  inch  by  col.  4, 
we  obtain  6*911  x  2240  x  1*532  =  23720  lbs.  for  the  value 
of  Cw,  and  17790  lbs.  for  }  Cw  Then  the  rule  in  (252), 
namely  P^  =  F  X  Cw  4-  (F  +  f  Cw)  becomes  2628000  x  23720 
-7-(2628000+ 17790)  =  23560  lbs.,  the  reduced  breaking  weight, 
as  in  coL  7.  Experiment  gave  24395  lbs.,  as  in  col.  6 ;  hence 
28660 -r- 24395  =  -966,  showing  an  error  of  1-0  -  0-966  = 
•034,  or  —  3-4  per  cent.,  as  in  col.  8. 

(259.)  If  in  this  case  we  had  neglected  "Wrinkling,"  and 
corrected  F  for  incipient  crushing,  the  error  would  have  been 
enormous.  Thus  the  area  being  1  *  532  square  inch,  Cp  becomes 
42560  X  1-532  =  65200  lbs.,  and  fCp  =  48900  lbs. :  then  the 
rule  (253)  becomes  2628000  x  65200  -r-  (2628000  +  48900)  = 
80585  lbs.,  whereas  experiment  gave  24,395  lbs.  only.  The 
calculated  strength  by  this  erroneous  method  is  80585  -f-  24395 
=  8-30  times  the  experimental,  showing  an  error  of  230  per 
cent.  I 

(260.)  "  Cellular  PUlara" — Several  of  the  rectangular  pillars 
in  Table  55  were  cellular,  having  a  plate  in  the  centre  by  which 
they  were  divided  into  two  compartments  or  cells:  in  calcu- 
lating the  strength  of  such  pillars  some  modification  in  the 
method  of  applying  the  rules  becomes  necessary.  We  will  take 
No.  17  as  an  illustration,  the  section  of  which  is  shown  by 
Fig.  52.  Obviously  the  pillar  would  fail  by  flexure  in  the 
direction  of  its  least  dimension,  t  will  therefore  be  4  *  1  inches, 
and  6  =  8-1  inches,  as  usual.  To  find  60,  we  may  imagine  the 
central  plate  «  to  be  divided  into  two  equal  portions,  one  of 
which  is  added  to  each  of  the  two  side  plates  2;,  «,  and  we  thus 
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obtain  the  eirople  eection  Fig.  53 :  wo  can  tbcm  proooed  with 
the  oalculation  in  the  usiul  vay,  as  illustrated  in  ('257). 

Thus  to  find  ('",  the  logarithm  of  4-1,  or  0-612784  x2-6  = 
1  ■  593^38,  tho  natural  number  due  to  whioh  is  39  ■  2  ;  then  for 
f„'',the  logarithm  of  3-982,  or  0'600101  x  3-G  ==  1-560263. 
the  nataral  number  due  to  which  is  36-38  :  the  value  of  Mr  = 
498500  IbB.  as  before,  and  tbo  length  or  7-625''  being  58-14, 

the  rule  in  (248),  namely  F  =  Mr  X  |V  X  6)  -  {k'''  X  h,]     ] 
-i-L",  hecomcB  498500  X  {39-2  x  8-1)  -  (36-33  X  7-923} 

~  58-  U  =  254700  lbs.  =  F,  aa  in  coL  9. 

(2G1.)  In  correcting  for  incipient  wrinkling  it  niuet  be  ob- 
served that  the  effect  of  the  central  plate  is  to  reduce  the 
breadth  of  the  wide  plate,  in  our  case  to  half  or  4-05  inches; 
then  the  greatest  breaiith  uneujiixjrted  is  the  end  plate  or  4-1 
inches,  and  tho  wrinkling  strain  must  be  calculated  for  that  , 
width.  Tlie  rule  in  (250),  namely  W„  =  (/T-r-  vT)  x  80, 
becomes  in  our  case  ( V^059  -^  ^Tl)  X  80,  or  (-2429  .^  2-035) 
X  80  =  9-596  tons  per  square  inch,  as  in  col.  11 :  then  the 
area  of  the  whole  section  being  1  -  885  square  inches  hj  coL  4, 
C„  becomes  9 -596  x  2-210  X  1-885  =  40520  Iba.,  as  in  coL  10, 
and  I  C„  =  30390  lbs.  The  rule  in  (252),  namely  P,  = 
P  X  C„  4-  (F  +  i  Cw),  becomes  254700  X  40520  -^  (254700  + 
30390)  =  36190  lbs.,  as  in  col.  7.  Experiment  gaTe45,451  lbs., 
as  in  col.  6;  hence  36190-^45451  =  -796,  showing  an  error 
of  1-0  -  0-79G  =  -204,  or  -  20-4  per  cent.,  as  in  col.  8. 

(262.)  "  Four-celled  Pillan."— Four  of  the  pillars  in  Table  55, 
Nob.  6  to  9,  were  divided  by  central  plates  into  four  compart- 
ments or  cells,  as  shown  by  Fig.  54,  the  lengths  varying  from 
10- 1  feet  to  2^  feet.  In  calculating  the  strength  of  this  pillar 
-we  may  assume  that  it  will  bend,  and  fail  by  flexure,  say  in  the 
direction  of  the  arrow.  In  that  case  the  cross-plate  B  will  be 
in  the  neutral  axis  N,  A,  and  will  add  nothing  to  the  strength 
of  the  pillar  in  resisting  flexure.  The  effective  section  there- 
fore becomes  as  in  Fig.  55,  and  the  case  is  assimilated  to  (260), 
and  may  be  calculated  in  the  same  way  :  adding  the  thicknese 
of  the  plate  e  to  /  and  g  in  equal  portions,  we  finally  rodnce  the 
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cage  to  Fig.  56,  with  this  exception,  that  the  "Wrinkling" 
strain  will  be  that  dae  to  the  breadth  H,  or  4*05  inches, 
Fig.  55,  not  8*1  inches  as  at  D  in  Fig.  56 ;  again,  although 
the  oross-plate  B  adds  nothing  to  the  strength  in  resisting 
flexure,  it  has  its  full  effect  in  resisting  wrinkling,  and  so 
finally  affects  the  strength  of  the  pillar. 

(263.)  Taking  No.  6  as  an  example  of  the  mode  of  calculating 
pillars  of  this  form: — to  find  ^'^,  the  logarithm  of  8*1  or 
0*908485  X  2*6  =  2*362061,  the  natural  number  due  to  which 
is  230*176.  For  t^'\  the  logarithm  of  7*79726,  or  0*901599 
X  2*6  =  2*344157,  the  natural  number  due  to  which  is  220*9. 

The  rule  (248),  namely  F  =  Mp  X  {^''  X  6)  -  (^,^«  x  h^ ^ L^ 

becomes    498500  x  {230*176  x  8*1)  -  (220*9  x   7*9089} 

-r  102  =  573800  lbs.  =  F,  as  in  col.  9. 

Beducing  for  incipient  wrinkling  (249),  we  have  to  take  H 
in  Fig.  55,  or  half  the  side  of  the  square  for  the  breadth,  as 

explained  in  (262),  and  the  rule  W^  =  (V^-=-  Vb)  X  80,  be- 
comes (V-0637  -f-  VT^)  X  80,  or  (* 25239  4-  2*012)  x  80 
=  10*04  tons  per  square  inch,  as  in  col.  11,  and  the  area  of 
the  whole  section  being  3*551  square  inches  by  col.  4,  we 
obtain  10*04  x  2240  x  3*551  =  79830  lbs.  for  the  value  of 
Cw,  therefore  59,870  lbs.  for  |  Cw,  and  the  rule  (252),  or  Pw  = 
F  X  Cw  -7-  (F  +  J  Cw)  becomes  573800  x  79830  4-  (673800  + 
59870)  =  72280  lbs.  breaking  weight,  as  in  col.  7.  Experiment 
gave  70,070  lbs.,  as  in  col.  6;  hence  72280-7-70070  =  1*031, 
Showing  an  error  of  +  3  *  1  per  cent.,  as  in  col.  8. 

(264.)  Table  55  has  been  calculated  throughout  in  the  way 
we  have  thus  explained  and  illustrated: — the  mean  average 
error  on  the  27  experiments  in  which  the  pillars  were  hrokenj  is 
—  2^  per  cent,  for  the  sum  of  all  the  minus  errors  in  col.  8,  is 
185*5,  and  of  all  the  plus  errors  124*6,  giving  a  difference  of 
185  *  5  — 124  *  6 = 60  *  9,  which  on  27  experiments  gives  an  average 
of  60*9-7-27  =  2*25  per  cent.  The  range  of  the  errq^  is 
pretty  nearly  equal,  the  greatest  +  error  being  28*5  per  cent., 
and  ihe  greatest  —  error,  23  per  cent.  (959).  It  will  be  observed 
that  the  highest  wrinkling  strain  in  col.  11,  is  18*36  tons  per 


166  OBLLULAB  PILLARB :    PLATK-IBOK.  ^* 

square  iacb,  which  being  less  than  X9  tons,  the  eruehing 
Btrongth  of  wrought  iron  in  pillars,  correction  bad  to  be  made 
for  "  Incipient  Wrinkling  "  nitlior  than  "  Incipient  Crushing," 
as  eiplainei]  in  (262).  Comparing  ools.  7  and  9,  it  will  be 
seen  that  coireotioa  was  roqtiired  in  Qvery  case,  without  excep* 
tion.  la  two  coses,  ffoB.  1  and  11,  the  pillars  were  not  strained 
Dp  to  the  breaking  point,  but  it  is  satisfactory  to  observe  that 
the  calculation  shows  they  were  not  likely  to  break  witli  the 
eiperimeutal  strain,  the  calculated  breaking  weight  in  coL  7, 
being  in  bjth  cases  in  eioess  of  that  strain  in  coL  C. 

(265.)  "  Economic  Value  of  Celh." — Wo  arc  now  in  a  position 
to  estimate  the  value  of  division- plates  in  cellular  beame  bb  a 
matter  of  economy.  Taking  a  plain  rectangular  pillar  with 
sides  in  the  ratio  of  2  to  1,  and  so  short  that  the  case  is 
.  practically  governed  by  the  resistanco  to  wrinkling,  irrespective 
of  fleinre ;  by  the  addition  of  a  central  plate,  we  increase  Ww, 
or  the  wrinkling  strain  per  square  inch,  in  the  ratio  of  \'2  to 
VTor  1-414  to  1-0,  or  41-4  per  cent.  But  the  area  o<  the 
whole  section  is  also  increased  in  the  ratio  of  7  to  6,  or  from 
1-0  to  7  -i-  6  =  1-167  or  16-7  per  cent.,  so  that  the  total 
increase  in  strength  is  1-414  x  1-167  =  1-65,  or  65  per  cent 
As  the  strength  is  increased  by  the  centre  plate  65  per  cent., 
and  the  weight  16-7  per  cent.,  the  net  economic  advanti^e  &om 
it  is  65  -  16-7  =48-3  percent. 

But  this  will  apply  only  to  a  pillar  so  short  that  the  strength 
is  governed  exclusively  by  the  resistance  to  wrinkling,  irre- 
spective of  flexure,  which  in  long  pillarg-will  so  affect  the  case 
that  no  general  ratio  can  be  given,  as  it  will  vary  with  the 
length  and  general  sizes  of  the  pillar. 

(266.)  The  fairest  comparison  may  be  made  by  taking  a 
concrete  case :  say  we  take  the  four-celled  pillar  No.  6  in  Table 
66  and  Fig.  5i,  whose  calculated  strength  as  given  in  col,  7  was 
72,280  lbs.  Then  removing  the  tmo  centre-plates  and  adding 
the  material  in  tbem  to  the  four  side-plates  we  obtain  a  plain 
square  pillar  as  in  Fig.  67,  whose  total  area  or  weight  is  pre- 
cisely the  same  as  that  of  the  cellular  one  Fig.  54,  thns  the  4 
Bidea  in  the  plain  pillar,  or  -09555  x  4  = '3822,andthe  4HideB 
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and  2  oentre-plates  in  the  cellular  one  giye  *  0637  x  6  =  *  3822 
also. 

Oalcnlating  as  in  (254);  the  logarithm  of  8*1  or  0*908485 
X  8*6  =  8*270546,  the  natural  number  due  to  which  is 
1864-4;  then  the  logarithm  of  7-9089  or  0*898117  x  8*6  = 
3*  238221,  the  natural  number  due  to  which  is  1711.  The  rule 
in  (230),  namely  F  =i  Mp  X  (S'«  -  «*• )  4-  L»,  becomes  in  our 
case  498500  x  (1864*4  -  1711)  -7- 102  =  749700  lbs.  =  F. 
Beducing  for  incipient  wrinkling,  the  rule  in  (250)  namely 

Ww  =  UT-^  ^h)  X  80, becomes  (V -09555-7-  ViMl)  x  80,  or 
(* 809  -^  2*846)  X  80  =  8*686  tons  per  square  inch,  and  the 
area  being  as  before  3  *  551  square  inches,  Gw  becomes  8  *  686  x 
2240  X  3*551  =  69090  lbs.,  and  |  Cw  =  51820  lbs.  Then  the 
rule  in  (252),  namely  Pw  =  FxCw-7-(F  +  |Cw)  becomes 
749700  X  69090  4-  (749700  +  61820)  =  64620  lbs. 

Now  the  cellular  pillar  of  the  same  external  size,  length,  and 
arear  or  weight  of  metal,  gave  72280  lbs.,  or  72280  4-64620  = 
1*1185  or  11*85  per  cent,  in  excess  of  the  plain  pillar.     The 
adTantage  of  the  cellular  form  is  thus  shown  to  be  the  greatest  in 
the  case  of  short  pillars ;  see  (265),  which  gave  48  *  3  per  cent. 
(267.)  "  Steel  Pillara" — The  only  experiments  we  have,  are 
three  by  Mr.  Hodgkinson,  the  results  of  which  are  given  in 
Table  44,  Nos.  28  to  30.    Under  these  circumstances,  all  we 
can  do  is  to  assume  that  steel  pillars  follow  the  same  laws  as 
those  of  wrought  iron  in  (196),  (225),  <&c. :  the  values  of  Mp  are 
given  by  Table  34,  and  are  based  on  the  experiments.     It  will 
be  observed  that  they  follow  the  ratio  1,  2,  3  exactly,  which 
agrees  almost  precisely  with  the  experimental  ratios  when  cor- 
rection is  made  for  incipient  crushing. 

In  Table  44,  col.  9  has  been  calculated  by  the  rule  Mp  x 
!)■••  -7-L* :— thus  with  No.  30,  having  both  ends  flat  for  D««  we 

have  the  logarithm  of  *87  =  1*939519  x  3*6  =  1*782268,  the 
natural  number  due  to  which  is  *  6058 ;  then  325500  x  *  6058 
-T-  6-25  =  31550  lbs.  =  F,  as  in  col.  9. 

(268.)  Ck}rrecting  for  incipient  crushing,  we  have  the  same 
difficulty  as  with  wrought  iron  (503)  in  determining  the 
crashing  strength  of  SteeL    From  experiments  on  the  transverse 
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atrength  (507)  we  found  it  to  be  61*48  tons  per  sqaare  incli: — 
if  we  adopt  that  fur  eteet  pillaj^,  only  the  one  with  two  ends 
flat  in  the  eiperimeute  reijuires  correction  for  incipiaot  crusLing 
(164),  aud  applying  it  to  that  ouq,  we  obtain  a  result  too  bigh 
by  6'7  per  cent.  For  roasfms  indiuited  in  (504),  Ac.,  tLo. 
crusLing  etrougth  of  malieable  uetals  appears  to  be  Ices  in 
pillars  than  in  beams : — tboB  eiporimentB  on  the  tmoBverse 
Btrengtb  of  wrought  iron  (520)  Boem  to  give  C  =  24  tons  per 
square  inch,  bat  in  pillai-s  wo  found  by  the  esperiinenta  (201)  that 
C  =  19  tons  only.  Following  the  samo  course  with  stwl,  we 
find  the  crushing  etrongth  in  pillars  to  be  52  iocs,  or  116,480  lbs. 
per  square  inch. 

With  this  value  for  C.  we  obtain  for  our  pillar  -fi?  inch  dia- 
meter, -87'  X  -7854  X  116480  =  69240  lbs.  for  the  value  of 
Op,  and  51,930  Iba.  forjCpj  hence  (31550  X  69240)-;- (31550 
+51,930)  =  26070  lbs.,  col.  7,  breaking  weight,  or  practically 
the  Bame  ae  by  experiment,  which  gave  26,059  lbs.,  ooL  6. 

(2{)9,)  To  compare  the  relative  strength  of  wrought  iron 
and  steel  pillars  we  must  observe  that  the  ratio  will  not  bo 
constant,  but  will  vary  with  the  length.  With  long  pillars 
breaking  merely  by  flexure,  the  ratios  are  simply  those  of  the 
respective  multipliers  in  Table  34 ;  thus  for  pillars  with  both 
ends  pointed,  we  obtain  108500-^95848  ^  1-132,  or  13-2  per 
cent,  in  &Toiir  of  Steel :— by  theory  based  on  the  transverse 
strength  and  deflection,  we  obtained  9  per  cent.  (300).  But 
with  very  short  pillars,  where  the  strength  is  dominated  almost 
exclnsively  by  the  cmshing  strain,  the  ratio  vrill  be  52  to  19,  or 
nearly  3  to  1  in  favour  of  steel.  The  ratio  will  vary  between 
those  extremes,  dependent  on  the  length  of  the  pillar  in  propor- 
tion to  the  diameter. 

(270.)  The  length  of  steel  pillars  with  which  the  correction 
for  incipient  crushing  becomes  nil  (169)  may  be  found  by  the 
rule  (203).  Thus,  for  pillars  1  inch  diameter,  Cp  =  -  7854  x  52 
=  4U'84tons,therefore|Cp  =10-21  tons,  and  the  role  becomes 
for  those  with  two  pointed  ends  (48-44  x  1'"'  -i-  10-21)  ^  x 
12  =  26*1  inches  long: — for  those  vrith  one  end  flat  and  one 
pointed  (96-88  X  1*'-M0-21)  V  X  12  =  37  inches;  and  for 
those  vrith  both  ends  flat  (146-3  x  1"  ■+  10-21)  V  X  12  = 
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15 '26  inches,  &o.  But  these  ratios  of  length  to  diameter  will 
yary  with  the  diameter,  as  shown  by  (148)  and  Table  39,  which 
has  been  calculated  by  the  role  (203). 

(271.)  «  Sted  PUUm^ods:'— With  long  rods,  or  rather  where 
the  length  is  great  in  proportion  to  the  diameter,  the  advantage 
of  a  steel  pillar  over  a  wrought  iron  one  is  not  very  great,  as 
shown  by  (300).  But  strength  is  not  the  only,  nor  indeed  the 
principal  quality  in  which  steel  is  superior  as  a  piston-rod : — 
the  continued  action  of  passing  to-and-fro  through  the  gland, 
has  a  tendency  to  ** score"  the  surficuie  and  wear  longitudinal 
furrows  in  it ;  in  resisting  this  tendency,  the  superior  hardness 
of  steel  gives  it  a  great  advantage  over  wrought  iron.  For 
these  reasons  steel  is  used  almost  exclusively  for  first-class  work, 
and  as  it  is  now  so  much  reduced  in  price,  it  is  probable  that 
its  use  will  become  still  more  general  for  engines  of  all  classes. 

(272.)  It  is  shown  in  (210)  that  a  piston-rod  is  subjected 
alternately  to  tensile  and  compressive  strains,  both  of  which  must 
be  considered  in  calculating  the  strength : — also  that  the  area  at 
the  screw  or  key-way  is  half  only  of  that  due  to  the  diameter  of 
the  body  of  the  rod.  The  mean  tensile  strength  of  Steel  may  be 
taken  at  96,000  lbs.  per  square  inch,  hence  the  maTimum  strain 
admissible  on  the  body  of  the  rod  is  48,000  lbs.  per  square  inch, 
and  the  second  column  of  Table  56  has  been  thus  calculated. 
In  any  case  where  we  are  certain  from  the  shortness  of  the  rod, 
6eCj  that  its  strength  will  be  governed  by  the  tensile  strain,  we 
may  find  the  area  necessary  direct  by  the  rule : — 

(273.)  Area  =  W  X  M,  -r-  48000. 

In  which  W  =  the  strain  on  the  rod  due  to  the  area  of  piston, 
pressure  of  steam,  &c.,  and  Mp  =  the  "  Factor  of  Safety  **  (880). 
For  the  strength  to  resist  the  compressive  strain  at  the  up- 
stroke, the  rod  may  be  taken  as  a  pillar  flat  at  one  end  and 
pointed  at  the  other,  namely,  flat  at  the  piston,  and  pointed  at 
the  cross-head.  Then  taking  Mp  from  col.  2  of  Table  34  at 
217,000  lbs.,  the  rule  in  (197)  becomes  :— 

(274.)  F  =  217000  x  D'  •  -r-  L«. 

In  which  F  =  the  breaking  weight  by  flexure  in  lbs.,  L  =  the 
maTJmum  length  unsupported  in  feet,  or  the  distance  from  the 
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gland  of  tho  cy1iii<lor  to  tbo  centre  of  tlio   croas-heod  at  tte 
top  of  the  stroke,  anil  D  =  the  diameter  in  incLes. 

(275.)  In  many  cases  the  results  of  this  rule  require  correc- 
tion  for  incipient  uTiahing  by  the  mJe  (164);  tiiking  the 
abeoluto  crushing  Btraiii,  or  C,  in  Steel  at  52  tone  or  116,480  Ibe. 
per  squtiro  incli,  wo  obtain  the  valno  of  Cp  in  the  third  colonm 
of  Table  56. 

Thus,  for  a  eteni  rod  3J  inches  diameter,  7  feet  long,  taking 
Si"'  at  90-9  from  coL  3  of  Table  35,  the  rule  (274)  becomes 
217000  X  90  ■  9  -^49  =  402500  Iba.  =  F,  or  the  breaking  weight 
by  flciure.  Then  C^  being  by  the  third  colamn,  1,121,000  lbs,, 
J  Op  =  840500  lbs.,  and  the  rule  (164),  or  Pp  =F  X  Cp-^(F 
+J  Cr),  beooraea  402500  x  1121000  4- (402500  +  840500)  = 
363000  lbs.,  as  in  Table  56. 

(276.)  When  the  strength  as  a  pillar  aa  thns  calculated 
exceeds  the  tengile  strength  aa  given  in  the  second  column,  the 
latter  goveins  the  cose  and  limits  the  strength  (211).  Table  56 
has  been  calcnktod  by  a  contbication  of  the  rules  for  flexure 
(274),  incipient  crushing  (164),  andtfinsiJe  strength  (272):  thus 
with  the  3^-inch  rod,  the  lengths  3,  4,  5  feet  give  strengths  all 
alike,  being  limited  by  the  tensile  strength,  or  461,800  lbs.,  as 
given  by  the  second  column.  For  the  lengths  9  and  10  feet,  the 
breaking  weights  are  those  due  with  fleinre  simply  by  the  rule 
in  (274),  while  the  strains  for  the  intermediate  lengths  of  6,  7, 
and  8  feet  have  been  reduced  for  incipient  crashing  by  the  rule 
(164),  &c. 

(277.)  Table  49  gives  the  particolars  of  atael  piston-rods  in 
practice ;  col.  6  has  been  calculated  by  the  rules,  and  col.  7  gives 
the  "  Factor  of  Safety  "  (880),  or  the  ratio  of  the  breaking  to  the 
working  strain :— rit  will  be  observed  that  it  is  very  variable, 
which  is  due  to  the  fact,  that  the  sizes  of  piston-rods  are  usually 
fixed  by  "  rule  of  thumb."  The  mean  value  of  the  Factor  may 
be  taken  at  14,  and  we  have  thus  obtained  the  sizes  given  by 
col.  8,  with  the  help  of  Table  56  : — as  in  most  cases  the  actual 
lengths  were  intermediate  between  those  in  the  Table,  the 
nearest  diameter  had  to  be  estimaied,  and  will  not  be  exact,  bat 
will  usually  be  snfBciently  so  for  practical  purposes. 
(278.)  "  limber    PiUan."—  By    the     oiperimonta    of    Mr. 
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Hodgkinaon,  wo  find  tbot  pillars  of  timber  follow  precisely  the 
theoretical  law  (147),  the  strength  of  long  pillars  failing  by 
flexuro,  being  directly  proportional  to  the  fourth  power  of  the 
diameter  or  aide  of  square,  and  inversely  as  the  Siiuaro  of  the 
length  : — henoo  we  have  for  cylindrical  pillars  the  rules  : — 

(279.)  F=  MpX  D'4-L'. 

(280.)  D=  ^  (FxL'-^Mp). 

(281.)  L=4/  (MpXD*-^F). 

For  square  pillars  tbeso  rulea  are  modified  and  become  : — 


(282.) 

(283.) 

(284.) 

And  for  : 

(285.) 

(28C.) 

(287.) 

(288.) 


F  =  Mp  X  S*  ^  L'. 
8=4'  (FxL'-HM,). 
L  =  ^  (MrX8*-j-F). 
sctangulor  pillars  other  than  square,  into;  — 
F  =  Mp  X  1*  X  6  -^  L'. 
(=  ^  JFxL'-^{MrX6}. 
6=!FxL'-i-(MpXl'). 
L=  21  (MpX  f  X  t-^F). 


In  which  D  =  the  diameter  of  a  solid  cylindrical  pillar  in  inches. 
S  =  the  side  of  a  square  pillar  tn  iaches. 
1  =  the  thickness  or  least  dimension  of  a  rectangular 

pillar  in  inches. 
h  =  the    breadth   or   greatest  dimeusion  of  a  rect- 
angular pillar  in  inches. 
F  =  the    breaking    weight  by  flexore   in  Iba.,  &c., 

dependent  on  Mp. 
L  =  the  length  in  feet. 
Mp  =  Multiplier,  whose  value  is  giveu  in    lbs.   and 
tons,  by  Table  34. 
(289.)  Mr  Hodgkinson  made  some  experimeuts  on  square  and 
rectangolor  pillars  of  Dantzic  Oak  and  Bed  Deal,  the  results  of 
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wUeh  ftre  giyen  by  Table  57 :  ool.  8  has  been  calculated  by  the 
ndes.  Thus,  taking  No.  5  as  an  example,  the  value  of  Mp  for  a 
^llar  of  Dantzio  Oak  is  given  by  Table  34  at  27,000  lbs.,  S'  or 
If*  =  9-379,  and  2-62*=6-35:  then  rule  (279)  becomes 
27000  X  9-379  -T-  6-35  =39880  lbs.,  as  in  col.  11,  this  being 
due  by  flexure. 

This  will  require  correction  for  incipient  Crushing  (163) :  by 
Table  32,  C,  or  the  crushing  strength  of  Dantzic  Oak  = 
6840  lbs.  per  square  inch,  and  the  area  being  If  x  1^  =  3  *  0625 
sqiiAre  inches,  Op  becomes  6840  X  3*0625  =  20950  lbs.,  as  in 
<x)L  10,  hence  }  Gp  =  15724  lbs.,  and  the  rule  (164)  becomes 
89880  X  20950 -^  (39880  +  15724)  =  15020  lbs.,  the  breaking 
-weight,  as  in  ool.  8  :  experiment  gave  14,305  lbs.,  hence  15020 
-4-  14305  =  1  •  05,  or  +  5  per  cent,  error,  as  in  col.  9. 

(290.)  As  an  example  of  rectangular  pillars,  we  may  take 
No.  10: — the  value  of  Mp  for  a  pillar  of  Red  Deal  with  both 
ends  flat  =  24000  lbs.  by  Table  34 ;  then  rule  (285)  becomes 
24000  X  1-413  X  2-82 -4- 4-8332,  or  24000  x  2-803  x  2-82 
-7-23-36  =  8121  lbs.,  the  breaking  weight  by  flexure  as  in  col. 
11.  Correcting  for  incipient  crushing :  Table  32  gives  6167  lbs. 
for  the  value  of  C,  or  the  specific  crushing  strength  of  Bed 
Deal,  and  the  area  being  1-41  x  2  *  82  =4  square  inches,  we 
obtain  6167  X  4  =  24668  lbs.  for  the  value  of  Cp,  hence  }  Cp  = 
18500  lbs.  Then  the  rule  (164)  becomes  8121  x  24668  -f- 
(8121  +  18500)  =  7525  lbs.,  as  in  col.  8 :  experiment  gave 
7681  lbs.,  hence  7525  -f-  7681  =  -98,  or  -  2  per  cent,  error. 

It  should  be  stated  that  the  actual  dimeosions  of  the  rect- 
angular pillars  Nos.  10  and  11  were  not  given  by  Mr. 
Hodgkinson.  but  the  areas  were  4  square  inches,  and  the  ratios 
of  the  sides  2  to  1  in  No.  10,  and  3  to  1  in  No.  11,  and  the 
dimensions  in  the  Table  were  obtained  from  those  data. 

(291.)  Table  57  has  been  calculated  in  this  way  throughout : 
the  sum  of  the  minus  errors  in  col.  9  =  44-3,  and  of  the  plus 
errors  39-6,  which  on  the  11  experiments  gives  a  mean  of 
(44-3  -  39-6)  -T-ll  =  -  0-427,  or  less  than  ^  per  cent.  The 
maximum  minus  and  plus  errors  =  —  15-5  and  +  15-9  per 
cent,  respectively,  thus  showing  equality  of  range  (959). 

With  tho  exception  of  Dantzic  Oak  and  Red  Deal,  wu  have  no 
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experimental  data  for  Timber  pillars,  and  are  compelled  to  resort 
to  theory,  in  order  to  obtain  the  values  of  Mp  for  other  kinds  of 
Timber :  this  we  have  done  in  (303),  and  we  have  thus  obtained 
most  of  the  numbers  in  Table  34.  This  method  is  of  course 
not  so  satisfactory  as  direct  experiment,  but  it  is  shown  in  (139) 
that  as  applied  to  Timber,  the  theoretical  and  experimental 
results  practically  agree  with  one  another. 

(292.)  Table  58  gives  the  strength  of  square  pillars  of  Bed 
Deal  calculated  by  the  rule  (282) :  we  have  selected  the  case  of 
flat  at  one  end  and  round  at  the  other  as  approximating  to 
ordinary  conditions  more  nearly  than  any  other.  In  most  cases 
timber  pillars  are  nominally  flat  at  both  ends,  but  this  supposes 
that  the  surfaces  between  which  the  pillar  is  strained  are  per- 
fectly parallel  and  unyielding,  conditions  which  are  seldom 
realised  in  practice :  for  example,  when  a  soft-wood  Bressummer 
is  supported  by  a  pillar,  the  effect  of  flexure  in  the  latter  is  to 
compress  the  fibres  of  the  former  unequally,  the  soft  wood 
yielding,  so  that  the  result  is  little  if  any  better  than  it  would 
have  been  with  a  round  end.  If  we  suppose  that  the  foot  of  the 
pillar  is  well  bedded  on  a  large  stone  or  cast-iron  plate,  and  the 
upper  end  loaded  by  the  Bressummer  in  the  usual  way,  we  should 
have  in  effect  a  pillar  flat  at  one  end  and  round  at  the  other, 
being  the  conditions  assumed  in  Table  58. 

(293.)  Say  we  take  the  case  of  a  pillar  7  inches  square ;  then 
by  col.  5  of  Table  34,  the  value  of  Mp  for  a  pillar  of  Riga  Fir, 
with  one  flat  and  one  round  end  =  7  *  14  tons,  and  with  a  length 
of  say  12  feet,  rule  (282)  becomes  7-14  x  7*-r- 12^,  or  7*14  x 
2401  -r-  144  =  119  tons,  the  breaking  weight  by  flexure.  This 
requires  correction  for  incipient  crushing,  being  greater  than 
ith  Cp  given  by  col.  4  of  Table  58  (169).  By  col.  4  of  Table  32, 
ihe  specific  resistance  of  Bed  Deal  to  crushing,  or  C  =  2*75 
tons  per  square  inch,  and  as  we  have  7^  =  49  square  inches 
area,  Cp  becomes  2  •  75  x  49  =  135  tons,  as  in  col.  2  :  |  Cp  = 
101  tons,  col.  3 :  and  :^  Cp  =  33  *  8,  col.  4.  Then  in  our  case, 
the  rule  (164)  becomes  Po  =  119  x  135  ^(119  +101)  =  73 
tons,  as  in  Table  58.  By  the  use  of  col.  4,  we  can  easily  deter- 
mine when  the  correction  for  incipient  crushing  is  necessary : 
thus,  for  a  pillar  3  inches  square  10,  12,  and  14  feet  long,  Uie 
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breaking  weigtta  by  flexure  =  5'8,  4"0,  and  2-9  tons  respec- 
tively, wbicb  are  all  letg  tbaa  6'18  tons  or  ^  Cr  bj  col.  4  ;  the 
correction  is  therefore  not  required,  as  shown  hj  the  Table,  bnt 
for  the  shorter  lengths,  5,  6,  7,  8,  and  9  feet,  that  correction  is 
neccBSftry. 

(294.)  Table  58  may  be  adopted  for  conditions  of  filing 
other  tban  that  of  flat  at  one  end  and  round  at  the  other,  as  in 
that  Table.  By  (149)  it  is  shown  that  the  breaking  weights  by 
flexure  aro  in  the  ratio  I,  2,  3,  for  the  three  coses — both  ends 
pointed, — one  flat,  one  pointed.^and  both  ends  flat  respectiTely. 
Thus  a  pillar  6  inches  square,  16  feet  long  =  3G  tons  by  flemro 
from  Table  58  :  then  with  both  ends  pointed  we  bare  36  -^  2  = 
18  tons,  which  being  less  than  24^8  tons  given  by  col.  4, 
correction  for  incipient  crushing  is  not  required  (163).  Tbo 
same  pillar  with  both  ends  flat  =  36  x  3  -^  2  =  54  tone 
breaking  weight  by  fleznre,  which  being  greater  than  '24 '8  or  j 
C,  by  col.  4,  correction  for  crashing  n'ill  be  necessary.    Taking 
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from  oola.  3  and  S  of  Table  58,  the  Tallies  of  Cp  and  |  Cp,  or 
99  and  71*2  reBpectirely,  the  Bole  (164)  becomes  fil  x  99  -^ 
(64 +71-2)  =  11*3  tons. 

Thus  the  reduced  etrengths  under  the  3  different  fonuB  at  the 
ends  are  18,  32,  and  11-8  tons,  those  dne  by  flexure  only,  being 
16,  36,  and  Bi  tons  reepectiye]^. 

(295.)  "  Beclangalar  PiUarg."  —  Table  68  may  easilT'  be 
applied  to  rectangular  pillars :  these  always  fail  by  bending  in 
the  direction  of  the  least  dimension,  so  tbat  a  rectangular  pillar 
may  be  r^^ded  as  a  number  of  square  ones ;  thus  2  x  6  is 
cqmTalent  to  three  2-inch  pillars,  the  breaking  weight  of  which, 
eay  8  feet  long,  would  be  =  l'8x3  =  6'4  tons.  Again,  a 
pillar  7  feet  long,  and  say  3x7^  would  give  a  breaking  weight 
=  9-6  X  7^+3  =  24  tons,  &c.:  from  this  it  will  be  seen  that 
the  strength  of  rectangular  pillars  of  all  kinds  is  simply  pro- 
portionel  to  their  larger  dimension.  Table  59  fau  been  thns 
oalcalated  from  Table  68. 
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CHAPTER  VITL 

ON  THE  OONNEOTION  BETWEEN  THE  STBENGTH  OF  PILLABS,  AND 
THE  TBANBTEB8E  STBENOTH  AND  DEFLECTION  OF  A  BEAM  OF 
THE  SAMS  MATBBIAL. 

(296.)  Bj  the  theory  of  the  strength  of  pillars  in  (136),  &c., 
it  is  shown  that  the  transverse  strain  on  a  beam  multiplied  by 
the  distance  between  supports  in  inches,  and  divided  by  four 
times  the  deflection  produced  by  that  strain,  will  give  the 
equivalent  longitudinal  strain  which  tends  to  break  the  same 
beam  as  a  pillar  (137).  It  is  also  shown  (147)  that  the 
theoretical  strength  of  pillars  is  directly  proportional  to  d\  and 
inversely  as  L^. 

We  now  propose  to  test  the  accuracy  of  the  theoretical  laws 
which  connect  the  transverse  and  longitudinal  strains  by  com- 
paring calculation  with  experiment.  This  comparison  is  rendered 
very  difficult  by  the  fact  that  the  strengths  of  cast  iron,  wrought 
iron,  and  steel  pillars  do  not  follow  precisely  the  theoretical  Law 
d*  -7-  L^ ;  the  experimental  law  (147)  for  cast  iron  being  d'"®  -7- 
L'*',  and  for  wrought  iron  and  steel  d^'^  -r-  L*.  Timber  pillars, 
however,  follow  the  theoretical  law  precisely. 


Table  60- 

—Cast- 

■IRON  Pillars  : 

comparison  of  Theory  ' 

with 

Kxperiment. 

1  Inch  Diameter. 

2  Inches  Diameter. 

3  Inches  Diameter. 

Length. 

Calcu- 
lated. 

Expert- 
ment. 

Length. 

Calcu- 
lated. 

Kxperi- 
ment. 

L«»8*^-     lated. 

Experi- 
ment. 

feet. 

ton«. 

tona. 

feet. 

tOIIR. 

tonn. 

feet.         tons. 

tons. 

I 

23-5 

15 

1 

376 

181-5 

1 

1903 

783 

2 

5-88 

4-61 

10 

3-76 

3-62 

10 

19  03 

15-63 

3 

2-61 

2-32 

n 

311 

3-09 

15 

8-46 

7-85 

4 

1-47 

1-42 

11* 

2-84 

2-81 

18 

5-873 

5-758 

H 

1-30 

1-28 

Hi* 

2-725 

2-753 

18} 

5-564 

5-490 

4i* 

1^161 

1163 

12 

2-611 

2-665 

19 

5-271 

5-255 

5 

•94 

•972 

13 

2  2*25 

2-318 

19i*     5-008 

5-020 

6 

•653 

•714 

14 

1-918 

2-044 

20 

4-757 

4-804 

(I) 

(2) 

(3) 

0) 

(5) 

(6) 

(7) 

(^) 

(9) 

(297.)  "  Cast  Iron."— Taking  first,  cast  iron ;  Table  67  shows 
that  a  bar  12  inches  long  and  1  inch  square  deflects  0*0785 
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inch,  with  2063  Iba.  in  tho  centre ;  bsnce  the  rnlo  in  (138), 
Dftmely  W  =  »  X  i  -^(S  x  4),  booomeB  2Qm  x  12  -^  ( ■  0T85  x  4} 
=  788-10  lbs.,  or  35*2  tons  breaking  weight  as  a  pillar  1  inoh 
square,  the  strain  being  in  tbo  centre,  or  the  pillar  having 
poioted  ends.  By  (3C1)  the  ratio  of  the  Btrength  uf  Eqnare  to 
roonii  is  by  cipcrimont  1  ■  E  to  1  ■  0 ;  hence  we  have  35  ■  2  -^  1  ■  5 
=  23'5  tons  for  a  round  pillftr  1  foot  long:  cAlcuIuitiug  in  this 
way,  we  obtain  col.  2  of  Table  GO,  which  gives  the  strength 
with  Toriuns  lengths. 

Mr.  HodgkiuHon  found  by  his  experiments  that  the  strength 
of  cast-iron  piUara  ia  governed  by  L'',  instead  of  L'  as  by 
theory : — tho  effect  of  this  divergence  is  very  great,  for  instance, 
with  a  length  of  10  feet,  L'  =  100.  but  L"  =  50  only,  giving 
thns  double  strength  to  that  doe  hy  theory  for  that  particular 
length.  By  col.  1  of  Table  31,  the  experimental  strength  of  » 
pillar  1  inch  diameter  and  1  foot  long,  with  Iwth  ends  pointed, 
is  14'73,  or  eay  15  tone,  and  admitting  the  strength  to  be 
inversely  as  L'',  we  obtain  col.  3  of  Table  60,  which  shows  that 
the  theoretical  and  experimental  strengths  agree  when  the 
length  is  about  i)j  feet,  or  54  times  the  diameter. 

Tho  length  with  which  theory  and  experiment  agree  will 
not,  however,  be  the  some  for  all  diameters,  because  according 
to  theory,  the  strength  varies  directly  as  D*,  whereas  by  ex- 
periment it  is  as  D^ '.  Thus,  if  the  atrengt)i  of  a  pillar  1-inch 
diameter  =  I'O,  then  another  of  the  same  length,  but  6  inches 
diameter,  would  by  theory  have  a  strength  of  6'  =  1296,  whereas 
by  the  experimental  ratio  it  would  be  6"  =  633  only,  or  about 
half.  The  effect  of  this  divci^ence  of  the  laws  is  shown  hy 
Table  60  to  be  that  with  a  pillar  2  inches  diameter,  the  results 
coincide  with  a  length  of  about  11^  feet,  or  TO  times  the 
diameter :  with  a  3-inch  pillar  they  coincide  with  a  length  of 
19^  feet,  or  78  times  the  diameter. 

(298.)  "  Wrought  Iron"— By  Table  67  a  bar  of  wrought  iron 
I  inch  square  and  1  foot  between  supports,  loaded  transversely 
with  2000  lbs.,  or  -893  ton  in  the  centre,  deflects  -0313  inch; 
hence  the  equivalent  load  as  a  pillar  will  be  '893  X  12 -r- 
('0313  X  4)  =  85*6  tons,  breaking  weight  of  a  pillar  1  inch 
square  and  1  foot  long,  with  both  ends  pointed.     From  this  we 
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obtain  by  the  ratio  given  in  (225)  85'6  -f- 1*7  =  50*4  tons  for 
a  cylindrical  pillar  1  inch  diameter  and  1  foot  long.  By  col.  1 
of  Table  34,  the  experimental  strength  is  42*79  tons: — this 
ratio,  50-4  to  42*79  will  prevail  for  all  lengths,  for,  as  we 
have  seen  in  (296),  the  strength  varies  inversely  as  L',  both 
theoretically  and  experimentally.  But  it  will  not  be  the  same 
for  all  diameters,  theory  giving  D^  and  experiment  D"'*,  the 
effect  of  which  is  shown  by  Table  61,  where  col.  2  is  the 
theoretical,  and  col.  3  the  experimental  strength  for  different 
diameters.  It  will  be  observed  that  the  two  rules  agree  in 
their  results  with  a  diameter  of  *  67  inch : — with  larger  diameters 
the  theoretical  results  are  in  excess,  and  with  smaller  diameters 
in  defect 


1*ABLB  61. — PiLLABS  of  WROUGHT  Ibon  and  Stekl  :  comparison  of 

Theory  and  Experiment. 


Wrought  Iron. 

Ste«L 

rHameter. 

Theory. 

Experiment. 

Diameter. 

Theory. 

Experiment. 

Inchm. 

d«. 

d8-«. 

Inches. 

d*. 

d»"i. 

10 

50-4 

42-79 

1-0 

550 

48-44 

•8 

20-6 

1917 

•9 

36- 1 

33-90 

•75 

15-92 

1519 

•87 

31-5 

29-35 

•7 

12-09 

11-85 

•85 

28-7 

26-98 

•67* 

1015 

10-13 

•82 

24-9 

23-68 

-m 

9-56 

9-59 

•8 

22-G 

21-70 

•65 

900 

9-08 

•75 

17-4 

1719 

•64 

8-4G 

8-58 

•74* 

10-5 

16-38 

•6 

6-53 

6-80 

•7 

13-2 

13  42 

(1) 

(2) 

(3) 

(4) 

(5) 

(«) 

(299.)  " Steel  Pillar8"—Bj  Table  67,  a  bar  1  inch  square 
and  1  foot  long  between  bearings,  loaded  transversely  with 
5600  lbs.  in  the  centre,  deflects  *0802  inch:  hence  bj  Bule 
(138)  W  =  6600  X  12  -r  ('0802  x  4)  =  209600  lbs.  is  the 
equivalent  strain  as  a  pillar  1  inch  square,  or  209600  -4-  1*7  = 
123300  lbs.,  or  66  tons,  for  a  cylindrical  pillar  1  inch  diameter 
with  both  ends  pointed.  The  experimental  strength  by  coL  1 
of  Table  34  =  48  •  44  tons.  With  Steel,  as  we  found  with 
wrought  iron,  a  comparison  of  the  theoretical  with  the  experi- 
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msutal  strength  will  not  be  affected  bj  the  leagth,  both 
Taaterisls  being  goTernod  by  L' ;  but  tbo  tliaiuotcr  affects  tbe 
oompftriBon  oonsidorftbly,  as  Bhomi  by  Table  Gl,  where  eol.  5 
follows  the  theoretical  luw  U',  and  col.  6,  the  experimental  law 
D'",  the  two  laws  coinciding  nearly  in  their  reanlts  with  the 
diuuietor  of  0'74  inch. 

(300.)  The  superiority  of  steel  over  wronght  iron  as  a  pillar 
it!  ehoM'U  to  be  remarkably  small :  with  1  inch  diameter  and  1 
foot  long,  theory  gives  50-4  to  55  -  0,  or  55  ■  0  ^  50  ■  4  =  1  ■  09, 
an  increase  of  0  per  cent.  only.  The  eiperiuiontfil  strengths 
are  43-79  and  48-44,  or  48-44 -^42-79  =  1-13,  an  increase  of 
13  per  cent.  This  applies  to  long  pillara  only;  with  short 
pillars  requiring  correction  for  incipient  crushing  the  superior 
crushing  streugth  of  titeel  will  give  it  much  greater  advantaga 
U3  u  pillar.  Wa  have  shown  (133)  that  the  value  of  C  for 
wrongltt  iron  in  pillars  ia  19  tons  per  square  inch,  whereas  for 
Steel  (2G8)  it  is  bb  much  as  52  tons;  a  very  short  steel  pillar, 
wh(-ro  the  Htrongth  dejiendH  almost,  oxelusively  on  the  resist- 
ance to  crushing,  will  have  52  -f- 19  =  2-74  times  the  Etrougtb 
of  a  similar  one  of  wrought  iron. 

(301.)  From  the  preceding  investigation  it  will  bo  evident 
that  in  pillars  of  cast  iron,  wrought  iron,  and  steel,  the  diver- 
gence of  tbe  theoretical  from  the  practical  laws  governing  the 
strength,  renders  the  funncr  unreliable  for  those  materials. 

Fortunately,  under  these  circumstances,  we  have  practical 
rules  whose  general  accuracy  has  been  experimentally  proved 
as  shown  by  our  various  Tables,  and  more  particularly  by  (959) 
and  Table  150. 

(302.)  "  Timber  Pi'Hars."— The  experiments  on  Timber  pillars 
in  Table  57  show  that  they  follow  precisely  tho  theoretical 
law  D'  -^  L',  which  simplifies  coiuparisona  very  considerably. 
Unfortunately  the  ex[>crimental  information  available  is  very 
scanty,  this  however  will  only  enhance  the  value  of  the  theo- 
retical investigation,  as  we  shall  obtain  thereby  a  knowledge  of 
the  strength  of  pillara  for  many  kiuds  of  Timber  of  which 
nothing  is  known  experimon tally.  Aa  the  few  esperiments  we 
have  agree  well  with  the  tlieoretical  results,  as  shown  for 
Dantzic  Oak  by  (130),  we  may  have  tho  moro  confidence  in  the 
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theory  as  applied  to  other  cases.  Thus  the  mean  error  of  all 
the  calculated  strengths  in  Table  57  is  shown  in  (291)  to  be 
less  than  ^  per  cent. 

(303.)  We  may  now  find  the  value  of  the  constant  Mp  for 
Timber  pillars  from  the  transverse  load,  aud  corresponding 
deflection  by  the  theoretical  law  (138),  namely  W  =  w  x  l-r- 
(8  X  4).  Taking  the  values  of  to  and  8  from  cols.  3  and  4  of 
Table  67,  we  obtain  for  pillars  12  inches  long,  1  inch  square, 
both  ends  pointed,  the  values  of  Mp : — 


Teak     145  X  12  -4- 

RedPine      ..      ..  98  x  12  -*- 

Canadian  Oak  117  x  12  -^ 

Deal      123  x  12  ^ 

Ash       136  X  12  -^ 

Beech 112  x  12  -^ 

Pitch-pino    ..      ..  115  x  12  -«- 

DantzicOak        ..  71  x  12  -^ 

English  Oak        . .  102  x  12  -i- 

BigaFir       ..      ..  78  x  12  -4- 

Larch 76  x  12  -f- 

WUlow 73  X  12  + 

Cedar 91  x  12  -*- 


8  M, 

(•026  X  4)  =  16,73011)8 
(•023  X  4)  =  12,780 
(•028  X  4)  =  12,540 
(031  X  4)  =  11,900 
(•035  X  4)  =  11,660 
(•036  X  4)  =  9,333 
(•041  X  4)  =  8,403 
(•026  X  4)  =  8,192 
(040  X  4)  =  8,160 
(•030  X  4)  =  7,800 
(•037  X  4)  =  6,162 
(•056  X  4)  =  3,902 
(•081  X  4)  =    3,370 


»» 


We  obtain  from  this  col.  4  in  Table  34  for  pillars  with  both 
ends  pointed ;  then  adopting  Mr.  Hodgkinson's  Eatios  1,  2,  3 
for,  both  ends  pointed,  1  pointed  and  1  flat,  and  both  ends  flat 
respectively  (149),  we  have  obtained  cols.  5  and  6. 

The  theoretical  ratio  of  the  strength  of  square  and  round 
pillars  (519)  is  1*7  to  1*0,  but  the  experimental  ratio  (361)  is 
1*5  to  1*0:  adopting  the  latter  we  obtain  cols.  1,  2,  3,  in 
Table  34.  For  Dantzic  Oak  and  Bed  Deal  we  have  taken  the 
experimental  values  of  Mp  which  agree  the  best  with  Table  67. 

The  strength  of  Timber  Pillars  may  be  found  from  the 
Modulus  of  Elasticity:  thus  in  Table  34,  the  pillars  are 
arranged  in  the  order  of  their  strength,  and  in  col.  7  of 
Table  105  we  have  the  Modulus  of  Elasticity.  Taking  as 
examples  Teak,  Pitch-pine,  and  Cedar,  we  have  strong,  medium, 
an3  weak  pillars:  Teak  gives  for  a  cylindrical  pillar  with 
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bott  ends  pointed  2413410  X  "0046  =  11100  lbs.,  col.  I  of 
Table  34  giTea  11150  Iba.:  Pitcb-pine  =  1224840  x  -0046  = 
6634  lbs.,  Table  34  gives  5G0O  lbs.;  Cedftr  =  448237  X  "0040 
=  224G  lbs.,  Table  34  givee  2247  lbs.,  &c. 


CHAPTER  IS. 


OH    TIIB    WRINELINQ    STQAIN. 

(304.)  Wbon  a  rectaugulur  piUar  is  made  of  thin  wrongbt- 
ii'on  platua,  and  the  sizes  ore  such  as  to  proclude  yielding  hj 
flcKuro,  it  is  necessary  not  only  to  Lave  sufBcient  area  to  resist 
pnishing.  but  aluo  eonfliderable  thickness  to  prevent  tiiHajre  by 
■Wrinkling  or  Corrugation. 

Let  Fig.  5S  be  a  square  pillar  bo  short  in  proportion  to  the 
Bid«  of  the  Biiiiiirt,  K.S  to  iivoid  tho  probability  of  failure  by 
bending.  We  have  seen  in  (201)  that  the  absolute  crushing 
strength  of  wrought  iron  in  the  form  of  pillars  is  19  tons  per 
square  inch  ;  hut  if  the  plates  are  very  thin,  and  the  breadth 
unsupported,  or  the  distance,  say  from  A  to  B,  very  consider- 
able, the  plate  would  fail  by  wrinkling  or  corrugation  near  the 
centre-line  C,  with  a  strain  much  less  than  that  required  to  crush 
the  material.  At,  and  near  the  comers,  wrinkling  would  be  pre- 
vented by  the  sujiport  which  those  comers  afford,  but  the  centre 
is  only  imperfectly  supported  by  them,  and  the  more  imperfectly 
as  the  breadth  of  the  plate,  or  the  distance  from  a  corner  is 
greater, 

(305.)  Fig.  59  is  half  the  tubular  pillar  Fig.  58,  and  wo 
may  admit  as  self-evident,  that  the  edges  D  and  E  being  sup- 
ported at  one  side  only,  or  from  F  and  G,  will  fail  by  wrinkling 
with  a  strain  much  less  thou  the  plate  A,  B,  which  was  supported 
at  both  sides,  although  the  distance  from  a  support  is  the  same 
in  both  cases.  In  Fig.  60,  wo  have  a  pillar  where  the  distance 
H,  J,  or  the  distance  from  a  support  on  one  side  is  \t]i  of  the 
nidth  of  the  plate  A,  B,  which  was  supported  on  both  sides  : — 
in  the  absence  of  experimental  information  we  may  assume  that 
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this  would  probably  give  equality  of  strength,  the  edge  J  failing 
by  wrinkling  with  the  same  strain  per  square  inch  as  the  centre 
C  of  the  wide  plate  A,  B.  In  Fig.  61,  we  have  the  application 
of  the  same  principles  to  a  pillar  of  X  section,  the  analogy  of 
which  with  Fig.  60  is  obvious : — this  will  be  useful  when  we 
come  to  consider  the  crushing  strain  on  the  top  flange  of  a  plate- 
iron  (395)  or  lattice  girder. 

(306.)  A  rectangular  pillar  of  thin  plate-iron  may  fail  in 
one  of  three  ways.  1st,  by  Flexure ;  2nd,  by  Crushing ;  8rd,  by 
Wrinkling ;  each  being  governed  by  laws  peculiar  to  itself  and 
differing  from  the  other  two.  Of  course  it  will  actually  fail 
from  that  particular  strain  to  which  its  power  of  resistance  is 
the  least. 

Taking  No.  15,  in  Table  55,  as  an  example;  col.  9  shows 
that  by  flexure  it  would  fail  with  2,628,000  lbs.  or  1173  tons, 
and  the  area  by  col.  4  being  1  *  532  square  inch,  this  is  equal 
to  1173 -r- 1*532  =  766  tons  per  square  inch.  But  we  have 
seen  (201)  that  the  absolute  crushing  strength  of  wrought  iron 
in  pillars  is  only  19  tons  per  square  inch,  or  ^th  of  the 
theoretical  breaking  weight  by  flexure  in  this  case.  Col.  12 
shows  that  even  this  reduced  strain  was  not  borne  by  the 
pillar,  which  really  failed  by  wrinkling  with  7*108  tons  per 
square  inch,  or  little  more  than  ^rd  of  the  crushing  strain, 
and  x^th  of  the  strength  due  by  flexure :  thus  by 

Wrinkliug  Crafihing  Flexure 

the  breaking  strains  per  square  inch,  were 

7-108  19-0  766  tone 

the  Batios  of  which  are : — 

1-0  2-7  108 

Here  evidently  the  pillar  failed  by  Wrinkling,  the  actual 
breaking  load  being  y^th  only  of  the  bending  strength  and 
jV^th  of  the  crushing  strength. 

By  increasing  the  length  of  the  pillar,  the  resistance  to  flexure 
might  be  reduced  until  it  became  even  less  than  the  wrinkling 
strain:  thus,  for  the  sake  of  illustration,  with  10  times  the 
length  the  resistance  to  flexure  (being  proportional  to  L')  would 
become  766  -7- 100  =  7  *  66,  or  nearly  the  wrinkling  strain. 
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Witb  intomiediato  lengths  we  Ebnuld  obfjiin  a  muted  result, 
port  of  the  Btrongth  being  emjilojed  in  resisting  flexnro,  and 
part  in  resiating  "  incipient  wrinkling "  (249),  (253).  In 
Bearcliing  for  the  laws  governing  "Wrinkling,  it  will  therefore 
1)6  necoesary  to  take  the  cxpcrimente  on  ihorl  pilltLrH,  where  the 
strength  is  ilominated  blinost  exclnsivelj  by  that  etruin. 

{307.)"Lai»a  of  Wrinkling." —Tho  laws  governing  tbe 
wrinkling  strain  may  bo  obtained  from  Mr.  Hodgkinson'e 
oxperimentB  on  sqnare  pillars  in  Table  65,  ftod  on  tnbnlar 
beams  of  thin  plate-iron  in  (40G),  and  Table  77.  They  may 
bo  expresBod  by  the  rules ; — 


(309.)  t„  =  (yfy,  X  v'(<„-^M«y 

(810.)  6„  =  {^U,  xM„-^  W,J 

(311.)  Mw  =  W„  X  V6w-H(w 


In  which  Ww  =  the  compresHive  strain  in  tons  per  square  inch 
with  which  the  plato  will  wrinkle ;  t„  =  the  thickness  of  the 
plate  in  inches ;  b^  =  the  breadth  in  inches  of  a  plate  supported 
at  both  edges,  as  in  Fig.  58  ;  where  the  comers  are  connected  by 
angle-irons  in  the  usual  way,  the  breadth  must  be  measured 
between  their  edges,  as  at  0  in  Fig.  C2.  When  the  plate  is 
supported  at  one  edge  only,  as  in  Fig.  59,  four  times'  the  dis- 
tance projecting  beyond  the  angle-iron  must  be  taken  for  the 
value  of  tivi  as  explained  in  (305).  Mw  =  the  Multiplier  found 
from  cjiieriment,  the  mean  value  of  which  in  rectangular  pillars 
=  80,  and  in  Beams  =  104,  aB  shown  by  Table  62. 

Table  03  gives  the  Wrinkling  strain  for  plates  of  different 
thickness  and  breadth  calculated  by  the  rule. 

(312.)  The  value  of  Mh-  for  pillars  may  he  found  from  the 
experiments  in  Table  55 ;  selecting  the  short  pillars  for  reasons 
given  in  (306)  we  obtain  Table  62,  the  mean  being  79  ■  45,  say 
80.  Thus  taking  No.  15  as  an  example  which  failed  with  7  ■  108 
tons  per  B<iuareisch  by  col.  12;  then  rule  (311)  becomes  7-lOS 
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X  V  8-175-7-  -061  =  82-29,  the  value  of  Mw,as  in  Table  62: 
for  the  value  of  Mw  for  Beams,  see  (822). 

Col.  11  of  Table  55  has  been  calculated  by  the  rule  (808)  ;  it 
will  be  observed  that  the  actual  experimental  strain  in  col.  12, 
is  often  less  than  the  wrinkling  strain  in  col.  11 ;  this  is  due  to 
the  ^t  that  the  strains  in  col.  12  are  complicated  by  flexure 
(806),  and  are  affected  by  the  length  of  the  pillar,  as  diown  for 
example  by  Nos.  27,  28,  and  29. 

Table  62. — Of  the  Value  of  Mw  for  the  Resistance  of  Thin 
Weouoht-ibon  Plates  to  Wrinkling. 


Nntnber  In 
Table  65. 


9 
15 
22 
25 
29 


Table  11. 


1 

2 

5 

6 

11 

12 

14 

16 


For  Rectaitoulab  Pillabs. 


Ww  ^ 

10-783  X  V4^05" 


-*-  -0637     = 


7-108  X  V8-175-*-  -061       = 


13-62    X  V4-44    -t-  -136 


12-24    X  V4-25    -*-  -085 
5-537  X  V4-14-  -03 


Mean 


Fob  Tubdlab  Bxaxs. 


17-75    X  ^24  4-  -75 
18-52    X  V24-?-  -75 


19-20    X  Vl5-5 
18-50    X  Vl6  + 


+  -525 


•o 


14-42    X  Vl5^ 

7-74    X  \^I5T 

15-32    X  VsTh 


-*-  -272        = 


124 


065 


13-38    X  Vl-9 


03 


Mean 


Mw 
85-96 

82-29 

77-82 

86-55 

64-74 

79-45 


100-4 
104-8 
104-3 
104-6 
108-8 
85-1 
117-1 
106-4 
104 


(818.)  It  should  be  observed  that   the  wrinkling  strain  is 
independent  of  the  length  of  the  plate ;  this  is  shown  by  the 
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same  cspertmcnts,  for  althougli  witli  lengtlis  of  10  and  2^  feet 
respectively,  tbe  actual  coiDprcssive  strains  iu  col.  12  varied 
from  4 '903  to  5 '537  tons  fUT  wjunre  incli,  when  correction  is 
made  for  fleinre,  and  the  efioct  of  tLe  length  is  tbtis  oliminutcd, 
uoL  8  shows  the  same  error  iu  both,  or  22*2  and  22-4  per  cent. 
respectivolj. 

Another  proof  that  the  wrinkling  strain  is  indepeudeat  of 
length,  is  that  even  with  long  pQlars,  tlie  plate  often  ftiils  noar 
Ihe  end;  for  instance,  No,  2  was  10  feet  long,  hut  failed  liy 
wrinkling  14  inches  from  one  end.  No.  8  was  5  feet  long,  but 
gavD  way  at  7  inches  from  one  end.  Now  the  crushing  strain 
due  to  flexure  is  a  msjcimura  at  the  oentre,  and  is  rednood  pro- 
gFCSBively  towards  the  ends,  wLcro  it  becomes  nil ;  but  tbe 
crashing  strain  dne  to  direct  preBture  is  the  same  from  cud  to 
end.  These  two  facts,  that  the  length  has  so  littlo  effect  on  the 
etreugth  of  tbe  pillar ;  and  that  failure  by  wrinkling  takes  place 
indifferently  in  any  part  of  the  length,  show  that  the  wrinkling 
strain  is  independent  of  the  length  of  the  plate. 

(:3M.)  An  ot.i-iouH  aiul  ccni.oniiuil  mAhvi  of  iutTcasiui;  the 
strength  of  a  plate  in  resisting  wrinkling,  is  by  adding  vertical 
ribs  as  at  A,  B,  &c.,  in  Fig.  62,  which  in  effect  rednce  the 
breadth,  and  thereby  increase  the  strength  in  a  much  higher 
ratio  than  the  weight: — thus  one  central  rib  reduces  the  width 
to  half,  and  the  wrinkling  strain  ia  increased  in  the  ratio  of  V^ 
to  .^1,  or  from  I'O  to  1-41,  or  41  per  cent.  Similarly  two  ribs 
give  an  increase  of  ^3  =  1'73,  or  73  per  cent.,  &e. 

(315.)  It  should  be  observed  that  the  total  wrinkling  strain 
increases  in  a  much  higher  ratio  than  the  8<iuare-root  of  the 
thickness  which  governs  the  resistance  per  square  inch  only : 
thus  for  thicknesses  in  tbe  ratio 


the  wrinkling  strain  per  square  inch  follows  the  ratio  ^  („  and 
becomes, — 

1  1-11  1-73  2  2-24  245 

But  the  areas  are  also  increased  in  the  simple  proportion  of  the 
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thickness,  and  the  total  strains  are  therefore  increased  in  the 
ratio,  ^i^  X  t^,  or  ^v***,  and  become : — 

1  2-82  5-2  8  11-2  U'7 

See  (396)  and  Tables  74  and  75. 

The  total  strain  due  to  flexure  is  practically  simply  propor- 
tional to  the  thickness  of  the  plate : — thus  with  a  pillar  12 
inches  square  externally,  and  ^  inch  thick,  therefore  11|  inches 
internally,  D*'*  —  (P  *  becomes  284 : — with  ^  inch  thick,  there- 
fore llj  inches  internally,  D'*  —  cT*  =  669,  which  is  nearly 
proportional  to  the  thickness. 

(316.)  Another  result  of  the  rules  is  that  in  order  to  obtain 
equality  of  strength  in  a  rectangular  pillar  other  than  square, 
the  thickness  of  the  plates  should  be  simply  proportional  to  the 
breadths : — ^thus,  if  the  ratio  of  the  sides  is  3  to  1,  the  thicknesses 
should  be  in  the  same  ratio  (472). 

The  absolute  crushing  strength  of  wrought  iron  in  pillars  is 
19  tons  per  square  inch,  and  in  order  to  obtain  the  full  value  of 
the  material,  the  wrinkling  strain  should  not  be  less  than  that. 
For  example.  No.  4  in  Table  55  failed  with  5  •  926  tons  per 
square  inch,  col.  12,  being  very  nearly  the  calculated  Wrinkling 
strain  in  col.  11,  whereas  by  crushing  it  would  not  have  failed 
with  less  than  19  tons,  so  that  5*926-4-19  =  *31,  or  31 
per  cent,  only  of  the  strength  of  the  material  is  utilised  and 
69  per  cent,  is  wasted.  We  can  easily  find  the  ratio  of  the 
breadth  to  the  thickness  which  is  necessary  to  secure  that 
equality  of  strength: — say  we  take  1  inch  thick,  then  the 
breadth  of  a  plate  supported  at  both  edges  to  give  Ww  =  19 

tons  will  be  given  by  the  rule  (310),  which  becomes  b^  =  (y/  I 
X  80-7- 19)2  =  17-72,  or  say  18  inches.  The  same  thickness 
of  plate  supported  at  one  edge  only,  would  have  a  breadth  of 
18  -7-  4  =  4^  inches  projecting  beyond  the  angle-iron,  as  P  in 
Fig.  93.  These  dimensions  apply  only  to  plates  subjected  to 
direct  pressure  as  in  a  pillar,  and  they  may  be  taken  as  ratios 
applicable  to  all  thicknesses. 

(317.)  For  plates  1  inch  thick  forming  part  of  a  plate-iron 
tubular  beam  or  girder,  and  supported  at  both  edges  as  in  Fig. 
58,  the  value  of  Mw  =  104,  and  the  rule  (310)  gives  the  breadth 

K  2 
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for  W„  =  19  tons,  by,  =  (  VT  X  lOi  -r  19)'  =  29  ■  96,  say  30 
inches  ;^for  tlio  top  flange  of  a  girder,  supported  at  one  edge 
outf ,  and  moasurod  as  in  Fig.  GO,  the  breadth  would  bo  30  4-  ^ 
=  7  j  isehoH. 

Calculating  in  this  way  wo  may  find  the  breadths  of  wronght- 
iron  platefl  under  different  conditions,  such  that  the  Wrixikling 
Strun  shuU  be  eqoal  to  the  Gruahiag  atrain,  or  19  toEUi  per  square 
inch  in  all  cases;  fur  thicknesscB  of: — 

I  I  I  *  S  I  i  li°°K 

tlie  breadth  of  plate  snpportod  &t  both  edges  and  fonuiDg  port 
of  a  pillar  = 

21         4^         G{         9         llj       13^       ISJ         18  inebec 
The  same  platea  forming  the  top  of  a  Tabolar  beam  would  have 
breadths  of: — 


I 


The  breadths  for  plates  supported  at  one  edge  only  in  pillars 
become: — 

■f,  H  1|        2i  2}  31  3i  1)  inches, 

and  in  plates  forming  the  top  flange  of  a  plate-iron  girder. 
Fig.  93,  we  have  :— 

1  IJ       2J         3j  4|         5;         6i  71  inches. 

With  breadths  greater  than  those  given  above  the  Wrinkling 
strain  would  be  less  than  19  tons  per  square  inch:  with  less 
breadths  the  wrinkling  strain  by  calculation  would  come  out 
more  than  19  tons,  but  this  would  not  be  realised  ;  in  that  case 
the  strength  of  the  plato  would  be  limited  by  the  crmhing 
strength. 

(318.)  Let  Fig.  62  be  the  section  of  a  short  pier  for  a  bridge, 
&c.,  6  feot  square,  of  wrought-iron  plate  J  inch  thick,  strengths 
ened  with  T  ribs  A,  B,  &c.,  giving  llj  inches  between  their 
edges,  we  should  then  have  19  tona  per  square  inch  wrinkling 
strain,  and  should  thus  have  obtained  the  utmost  possible  effect 
&om  the  matcriaL     If  in  this  case  we  dispense  with  the  ribs. 
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the  effective  width  of  the  g-ineh  plate  would  bo  5  foet 
fi^  ini^Los,  and  ths  wrinkling  Btroin  hj  the  rnle  (308)  becomes 
V  ■  G25  -^  65  ■  75  X  80  =  7  ■  8  tons  por  etiuare  inch,  which  is 
7'8  -^  19  =  "41,  or  41  per  cent,  onlyof  the  marimum  etrongth, 
ftud  thns  59  per  cent  would  lio  waatnd  in  that  case. 

The  Tcrtical  ribs  would  not  only  increase  the  strength  of  the 
thin  plate,  but  would  also  yield  their  full  quota  of  strength  to 
the  pier  in  the  Bimplo  proportion  to  their  own  area  or  weight. 
The  additional  atrength  to  the  plates  is  thus  a  clear  net  advantage. 

If  the  pillar  is  of  considerable  length  it  would  be  expedient 
U>  mako  it  oellnlar  as  in  Fig.  54,  rather  than  a  simple  et^uare  u 
in  Fig.  fi2.     See  (2GG). 

(319.)  "  Wrinkling  Strain  in  Beams." — In  an  ordinary  rect- 
angular tubular  beam,  supported  at  both  ends,  a  transverse  load 
causes  a  compressive  strain  on  the  top  plates.  With  very  thick 
pUtea  the  limit  to  that  strain  is  the  cruehing  strength  of  the 
material,  or  19  tons  per  square  inch,  but  with  ordinary  Uiioh- 
nesaes  and  breadths  tho  plate  will  fail  by  Wrinkling  with  a 
much  lower  strain,  as  sboivn  by  col,  12  of  Table  77. 

Wo  have  first  to  ascertain  the  longitudinal  compresaive  strain 
from  the  transverse  load,  &e.,  which  will  bo  given  by  rule  (514). 

Thns,  taking  No.  5  in  Table  77  as  on  example,  whose  section 
is  shown  by  Fig.  63,  the  rule  (514)  for  finding/  becomes 


3  X  tifj-GG  X  3C0  X  24 
a  X  {24'  X  16-5)  -  (22-95"  x  14-46) 


=  19-2  tone. 


as  in  col.  12. 

(320.)  It  will  be  interesting  and  instructive  to  check  this 
result  by  an  analytical  investigation.  Tho  beam  being  30  feet 
long  supported  at  each  end,  our  first  stop  will  bo  to  reduce  it 
to  the  oqiuvalcnt  case  of  a  cantilever  of  half  the  length,  say 
built  into  a  wall,  and  loaded  at  the  end  with  half  the  central 
load.     See  (385)  and  Figs.  91,  92. 

Assuming  the  value  of/,  or  19-2  tons  por  square  inch,  as  tho 
maximum  strain  at  A  and  B  in  Fig.  63,  this  is  reduced  at  G  and 
D,  or  the  cenlrea  of  the  top  and  bottom  plates  to  19  ■  3  x  23  ■  475 
-i-  24  =18-78  tons  por  square  inch,  this  being  simply  propor- 
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tional  to  the  relative  distances  from  the  neutral  axis  N.  The 
area  of  say  the  top  plate  being  15*5  x  '525  =  8*137  square 
inches,  and  the  leverage  by  which  the  strain  acts  in  supporting 
the  load  at  W,  23  •  476  and  180  inches,  we  obtain  8  •  137  x  18  •  78 
X  23-476  -r  180  =  19-93  tons  at  W,  and  as  we  have  taken  for 
the  leverage  the  whole  depth  C,  D,  not  the  distance  from  the 
neutral  axis  N  to  C  or  D,  this  will  be  the  sum  of  the  resistances 
of  tension  at  C  and  compression  at  D,  which  in  that  case  occupy 
the  positions  of  fulcra  and  resistances  to  each  other  reciprocally. 

Following  the  same  course  with  the  sides,  we  have  below  N 
the  area  of  the  two  half  sides  =  22*96  x  *626  =  12*04  square 
inches.  The  mean  resistance  at  o  and  p  will  be  proportional  to 
the  distances  from  N:  hence  19*2  tons  at  A  is  reduced  to 
19*2  X  11 '  476  -^  24  =  9  - 18  tons  per  square  inch  at  o  and  p. 
By  (496)  it  is  shown  that  the  true  mean  is  not  found  by 
multiplying  the  area  by  the  mean  tensile  strain  and  the  mean 
leverage  simply,  but  by  ^  of  that  product.  Then  we  obtain 
(12-04  X  9-18  X  11-476  x  $) -r- 180  =  9*4  tons  at  W,  as  the 
resistance  of  the  sides,  making  a  total  of  19  -  93  +  9  *  4  =  29  *  33 
tons  at  the  end  of  a  cantilever  16  feet  long,  which  is  equivalent 
to  29-33  X  2  =  68*66  tons  in  the  centre  of  the  girder  30  feet 
long,  agreeing  precisely  with  the  experiment ;  col.  8  of  Table  77. 
See  (412)  and  (414). 

(321.)  The  value  of  /  in  col.  12  of  Table  77  has  been  cal- 
culated by  the  rule  (614) ;  it  represents  the  maximum  strain  at 
the  edge  of  the  section  due  to  the  transverse  load,  but  does  not 
determine  whether  failure  takes  place  by  wrinkling  or  by 
crushing.  When,  however,  /  is  much  less  than  19  tons  per 
square  inch,  the  plate  must  have  foiled  by  wrinkling ;  in  two 
cases,  Nos.  13  and  16,  /  was  greater  than  19  tons,  namely, 
23-18  and  24-66  tons  respectively,  which  must  be  regarded  as 
exceptional  and  anomalous.  They  may  be  accounted  for  by  the 
variableness  common  to  all  materials  under  all  kinds  of  strain, 
as  shown  by  Table  147,  which  gives  for  Boiler-plate  under 
tensile  strain  29  per  cent,  in  excess  of  the  mean  strength,  col.  1. 
In  our  two  cases  the  excess  was  22  and  29  per  cent,  respectively 
under  wrinkling  or  crushing  strains. 

(322.)  "  Value  of  Mw  for  Beams"  —  The  experiments  in 
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Talle  77  will  give  tLo  vnluo  of  M«  for  a  plate  forming  part  of  & 
tubuliir  Ikuiu  Buil  subjected  to  compreefiion,  which  ie  UBually 
the  top  platf.  Selecting  cases  where  the  top  and  bottom  plates 
wore  of  one  and  the  same  thickness,  and  whore  the  rcaolts  are 
likely  to  be  more  ootrect  than  under  other  conditions,  omitting 
olao  the  anoutaloas  casCa  Nos.  13  and  16,  wQ  obtain  Table  62; 
the  mean  of  the  whole  is  lOJ,  which  is  30  per  cent,  higher 
than  80,  the  moan  value  of  Mw  fur  pillars  where  the  plate  is 
snbjectocl  to  direct  compreesiun  (312).  We  found  the  same 
remarkable  difference  to  preTtdl  in  the  crughin//  strength  of 
Wrought-iron  and  Steel,  the  former  giving  26  and  the  latt«r 
18  per  cent  greater  resistance  iu  Beams  than  in  PiUare  (133). 

.  The  variations  in  the  valno  of  Mw  for  beams  in  Table  62  are 
117-1-;- 104=  1-126  or  +  12-6  per  cent.,  and  851  -i-  104 

=  '818  or  —  18'2  per  cent.,  which  are  not  greater  than  the 
variablenesa  of  plate-iron  nnder  tensile  etrains,  namely  -♦-  29 
and  —  33  per  cent.,  as  shown  b7  Table  149.  This  is  the  more 
satisfactory  wliun  it  is  ronicmtKired  that  the  thiekneBses  ranged 
from  '03  to  "75  inch,  or  1  to  25,  and  the  breadths  from  1-9  to 
24  inches,  or  1  to  12'6.  These  relative  numbers,  however,  fail 
to  give  an  adequate  idea  of  the  great  differences  of  the  dimen- 
sions :  Fig.  100,  where  the  beams  are  drawn  to  the  same  scale, 
will  convey  a  dearer  conception.  It  should  also  bo  observed 
that  the  largest  and  the  smallest  beams  give  nearly  the  eame 
value  for  Mwi  namely,  100'4  and  106*4  respectively,  and  that 
both  differ  but  little  from  104,  the  mean  value  of  the  whole. 

The  application  of  the  laws  of  Wrinkling  to  rectangular 
pillars  is  shown  by  (249),  and  to  Tubular  Beams  by  (406),  &c. 


CHAPTER  X. 

ON  THE  TRANSVERSE  BTHAIV. 


(323.)  The  general  investigation  of  the  Transverse  Strength 
of  Materials  is  complicated  very  much  by  the  variable  con- 
ditions in  the  mode  of  fixing  and  loading.  It  will  therefore  be 
expedient  to  take  first  a  standard  case,  say  that  of  a  horizontal 


W  =  :f^—   X    Mt-T-L. 
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beam  supported  at  both  ends  and  loaded  with  a  dead  weight  in 
the  centre:  the  effect  of  other  conditions  may  be  considered 
afterwards.  • 

For  solid  Bectangnlar  sections  we  have  the  Eules : — 

(824.)  W  =  D«  xBx  Mt-t-L. 

(326.)  D  =  VWxL)4-(Mt  xB). 

(326.)  B  =  (W  X  L)  -r  (D^  X  Mt). 

(827.)  Mt  =  (W  X  L)  -r  (D^  X  B). 

(328.)  For  solid  square  sections : — 

W  =  I>»x  Mt-t-L. 
(329.)  For  hollow  sqnare  sections : — 

D 
(380.)  For  hollow  rectangular  sections : — 

(381.)  For  solid  cylindrical  sections : — 

W  =  Do»  X  Mt  -T-  L. 
(382.)  For  hollow  cylindrical  sections : — 

(888.)  For  solid  Elliptical  sections  :— 

W  =  DixDBX  MT-^L. 
(384.)  For  hollow  Elliptical  sections : — 

In  which  D  =  the  eztemaly  and   (2  =  the  internal  depth,  in 

inches. 
„        B  =  the  external,  and   b  =  the    internal   breadth, 

in  inches. 
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In  wliicb  Dg  =  the  cilomal,  and  do  =  the  intomul  diBiaeter, 
in  inchcB. 
„        Op  =  the  citernal,  and  d^  =  the  intonial  depth  or 

vortical  diameter  in  Elliptical  sootions. 
„        Dg  =  the  eiterual,  and  d„  =  the  internal  breadth  or 

horizanttkl  diameter  iu  Elliptical  sections. 
„         L   =  the  length  of  the  beam  in  feet. 
„         W  =  the  load  in  lbs.,  tons,  &c^  dependent  on  the 

terms  of  Mr- 
„        Mt  =  Multiplier  which  varies  with  the  Material,  mode 
of  filing,  loading,  dec. :   the  value  for  rect- 
angular and  cj'liudrical  beams  IB  given  by 
Tablo8  64,65,66,andtheRatioain(359),(3C3). 
(33G.)  Tbo  value  of  Mt  outj  be  found  from  direct  oxperimoat 
by  rule  (327),     Its  moat  useful  value  is  when  W  =  the  ultimate 
or  breaking  weight  in  the  centre  of  a  rectangular  beam  sup- 
ported at  both  ends : — in  that  CAse  it  ia  simply  the  breaking  load 
of  a  beam  1  inch  square  and  1  foot  long. 

Table  64  gives  in  col.  7  the  mean  value  of  Mjfof  the  breaking 
weight  of  54  kinds  of  British  cast  iron  at  2063  lbs.,  or  18-4 
owts.,  or  ■  92  ton,  and  of  course  W  will  come  out  in  lbs.,  cwt., 
or  tons  according  to  the  Multiplier  used :— col.  10  gives  Mr  for 
the  safe  dead  load,  which  ia  taken  at  Jrd  of  the  bre^ng  weight. 
This  Table  is  based  on  Fairbaim  and  Hodgkinsoa's  experiments. 
Table  65  gives  the  value  of  Mt  for  Timber,  and  Table  66  a 
reduced  and  condensed  general  summary.  Table  G7  gives  the 
Transverse  strength  in  connection  with  thcStifiuess  for  the  Safe 
working  load  as  well  as  for  the  breaking  weight:  the  ratio 
which  these  should  bear  to  one  another,  or  the  "  Factor  of  Safety," 
varies  with  the  nature  of  the  material  and  the  character  of  the 
Strain,  &c.     See  (880),  &c. 

(336.)  The  application  of  the  rules  and  Tables  may  be  illus- 
trated by  examples.  Thus  to  find  the  breaking  weight  for  a 
beam  of  English  Oak,  12  inches  deep,  6  Inches  wide,  and  15  feet 
long ; — we  may  take  M^  from  col.  6  of  Table  66  at  '  2272  ton ; 
then  the  rule  (324)  becomes  12'  x  6  X  -2272-^15=  13-1 
tons  breaking  weight  in  the  centre.  Again :  to  find  the  depth  of 
a  beam  of  Biga  Fir  10  feet  long,  3  inches  wide,  lo  carry  the 
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Table  65.— Of  the  Teassvbbbb  Stbeboth  of  Timbkb,  or  the  Value 
*>f  Mt,  being  the  central  Breaking  Weight  of  a  Beam  1  inch  square, 
1  foot  long  between  end  beariogs. 

Kind  of  Wood. 


6  Bartow. 

3  Pi;alni  and  Bonallier. 

2  P.  W.  Bailow. 

1  Ebbt-U. 
1  Treclgold. 

Deuison. 


„    American,  White 
lUrcb,  common  .. 
„     American.Black    < 


„       Bermuda 

„       OundiiioDpe  .. 

„    American,  White 

ChcabiQt,  green 
„        B]iairiih,ii 

Deal,  Cbriatiania 


„     Hemol 

Efm,  English    . 


-2051 
■25ti0 
■2lil0 

■2312 
■3250 
-2750 
■2700 
■S760 
■2000 
■2223 
■1840 
■27(iO 
■3040 

■mo 


Deuisim. 

Denieon. 
2  P.  W.  BbiIow, 
1  Ebbeia. 
i  P.  W.  Barlow. 

Bariow. 
Deniaon. 


DetusoD. 
lEbbeb. 
2  Trodgold. 

2  P.  W.  Barlow. 
1  Tredgold. 

P.  W.  Barlow. 

1  Trfdgold. 

3  Barlow. 

2  P.  W.  Barlow. 

1  Kbbula. 
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Taolk  80, — TsABBVEBsa  SraEKorn  of  Tmbbb,  &c. — amtinm'i. 


Kind  DC  Wad. 

Mm. 

Mlo, 

Maui. 

ABLhorli;  and  Numba  •A 

bL 

El      Wt  h  g  ee 

4eu 

2140 

I  EbbeU. 

Kl     Itg 

IS 

SOS 

4IH 

l(i03 

Ij  U-iiufoy. 

ti-i 

875 

3Sa 

lb02 

a  BmIow. 

!          iy 

5« 

DO 

3feJ 

1  05 
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4d 

1951 

id7       „ 

,     Ihi  tzl 

4S0 

S50 

390 

1741 

*     ., 

.     M      V  rest 

s  s 

327 

407 

I'^n 

4  Ilorlow. 

.     Bo.1  li 

102 

ITMI 

1  KbWi). 

4{iA 

2tr6 

1       .. 

114 

225 

dSO 

14  3 

13  Dulow. 

i  5 

SJ2 

d  1 

1ST4 

4l'eak,..u.aU»rwlliw. 

G!U 

322 

504 

2250 

JTfedsolJ. 

he    inVU. 

67i 

aoipn 

NelMD. 

'^^'rjL. 

425 

1897 

1  Trudgold. 

B37 

28+4 

1 

NUMU 

en 

sm 

Nelwn. 

501 

i  rt 

Moore. 

M  rl     t       a 

5 

i   i 

iJ>:u\MU. 

0  U   L  k1   1> 

b 

3bh 

4 

2121 

0  Ui.rlo\¥. 

5(H 

314 

4IH 

1S6 

IJ  BL«uroy. 

IKH 

4ii 

bJ 

2i>50 

faP.W.  Harlow. 

b30 

2h52 

JL^rs. 

543 

34  4 

Ncliou. 

519 

2317 

Dbiii«u. 

10 

S170 

1  Ebbela. 

y     b 

an 

4301 

I  Trodgi,ld. 

Id 

bbO 

294b 

1 

trrea 

54 

2+4 

1  EbWla. 

I      1  e 

5  0 

434 

49b 

14 

«  ItuUou. 

D     tu 

507 

+55 

im 

21 17 

J  B,,rlow. 

4^-* 

2  i 

33+ 

1411 

UeHufov. 

bit 

2.12 

Sloore- 

L        1 

0  0 

570 

5S9 
S  b 

2G  D 
2530 

3  Biu-low. 
NeUou. 

566 

5;W 

Moorr. 

603 

2  00 

Deiiiaon. 

Al  ml 

4JU 

437 

461 

20  8 

3  Burlow. 

51 

2117 

Mc)„re, 

A       oan  Itod 

59 

2^0 

Nulson. 

5'>5 

24M( 

Doni^oD. 

' 

b21 

2    0 

SeiMa. 
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Table  65. — Traksvkrse  Strekoth  or  Timber,  &c. — continued. 


KizulofWoaL 

.„. 

M,.. 

Mfu. 

tipnlmenu. 

Oftk,  Afrimn     ..      .. 

„    Mfmel      ..      .. 

„     ll^inn        ..       .. 
Pine,  i{«i 

;;     Kich"       '.'.       '.'. 
",     yJUuw     '.'      '.'. 
„    Wliito       ..      .. 

Z    D^uio    '.'.     .. 

„    Mimtl      ..      .. 

..    BiB» 

"    A^hangei'      '.'. 

PUne-tree 

Poplar,  Lombard  J    .. 

„       Abelu    ..       .. 

Spruco       

&■":- ;;  :;  :: 
wutow'  ::  ;:  :: 

Wabut  (green) 

1035 

464 

569 
C73 
912 

627 

am 

8H2 
677 

MM 

413 

521 
364 

505 

332 

227 

717 
(i42 

S31 

841 
865 
555 
6C3 
«7 
64S 
GOO 
430 
420 
544 
541 
702 
607 
472 
3% 
3ff7 
422 
272 
485 
358 
387 
4T5 
449 
5U2 
350 
457 
607 
328 
570 
449 
345 
535 
821 
660 
G33 
655 
3B5 
487 

■4455 
■3715 
■369li 
■3755 
■3SG1 
•2*80 
■2513 
■2O00 
■2900 
■2680 
-19-20 
■1875 
■2428 
■242S 
■3131 
■2710 
■2  ION 
■1770 
■1640 
-1900 
■1213 
■2165 
■1600 
■1728 
■21-^0 
■2004 
■2509 
■1603 
■2040 
■2710 
■1467 
■2840 
■2000 
■1540 
■2388 
■3i!60 
■2S47 
■2828 
■2924 
-1629 
■2174 

4  P.  W.  Barlow, 
riarluw. 

IJaninon. 
Moore. 
3  Bm1(i«. 
YouDg. 
Moore. 
UenuoD. 
Sliurlow. 
24  Baiufov. 

DcniBon. 
ePeakeaadBarrallier. 

Mwire. 
Barlow. 

TPealieandBanallitr. 
Nelson. 
Y,.u..«. 
Denison. 
Moore. 

B«rlow. 

Moore. 
1  Ebbela. 

1    !! 

Moort. 

DenUuD. 
I  Kbl^U. 
3  llarionr. 
2Pei.koHndBflmUict. 

Ndsou. 

Denibon. 
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Tablb  66. — Of  the  Tbansvbbsb  Stbesoth  of  Bars  1  inch  square, 
1  foot  long :  value  of  Mr  f'"'  Breaking  load. 


I        TorJ 
p      Aril 


CoBt-lrou 

Wmuglit  Ire  '  ;  plain  ban 

„      limit  of  Elasticity 

„   Working  dead  load 

Bolltid  T  and  I  ban 

„      limit  of  Elasticity 

„    Working  dead  load 

Btecl:  ordinnty  bar      .. 

„       limit  of  ElMtidty 

„     Working  dead  load 

Blate :  Bnngor,  split 

„       TaleDtia,.BBwn  ., 
York  Paving 


Beech      ..  .. 

Birrh       ..  .. 

Cedar       ,.  .. 
ClicBtnut . . 

Deal          ..  .. 

Elm 

Fir,  Eiga 

Mahof^n  J 
Oak,  Kngliab . , 

„    Daotzic . . 

„     Caniulian 

„    African  .. 
Pine,  Pitoh     .. 

„      Hfd 


3022  494 

■36:18  5JH 
3040 

'2643  382 


4072 

2SDD,  413 
2S00  367 


20C3;i 
40tH>( 
20W):0- 
1330f 


siss  esi 

2205 


i 


working  load  of  1900  lbs.  in  the  centre: — we  may  take  Mt  = 
78  lbs.  from  col.  3  of  Tablo  67,  and  the  rule  (325)  becomes 
Vl900  X  10)"-^(78~k  3)  =  9  inches,  the   depth  required. 


beams:  stbength  and  stitfness. 
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Again:  to  find  the  breadth  for  a  beam  of  Pitch-pine,  12  feet 
long,  10  inches  deep,  to  break  with  24,000  lbs.  in  the  centre : — 
taking  Mt  from  col.  5  of  Table  66,  at  577  lbs.,  rule  (326) 
becomes  (24000  x  12)  4- (100  x  577)  =  5-16  inches,  the 
breadth  required,  &c. 

Table  67. — Of  the  Tranbvebse  Strength  and  Stiffness  of  Beams, 

1  inch  square  and  1  foot  long. 


MAterlaL 


Ultlnute 
Strength. 


Weight 

In 

Lbs. 

W^ 


Steel,  Bar 
'Wrought  Iron 
Cast  Iron  . .   | 

Slate  (Bangor,  split) 
TTork  Paving 

JiBt  

Beech 

€edar  

Deal  

JEhn  

Tir,  Riga      ..      .. 

Xiaroh 

Oak,  English 

„    CaDAdian 

r,    Dantzic 

^ine.  Pitch  ..      .. 
rt    Bed 

Teak     

"billow 


5600* 

2000* 

2063 

421 

73 

681 
558 
455 
615 
408 

389 
380 
509 
584 
357 

577 
491 
724 
365 

(1) 


Defleo 
tion  in 
Inches. 


0802 
0313 
0785 
0153 
0264 

375 
234 
440 
184 
283 

288 
300 
308 
245 
198 

245 
239 
176 

480 

(2) 


Safe  Working 
Dead  Load. 


Weight 

in 

Lbs. 

W. 


3360t 

1330t 

688 

105 

18 

136 
112 

91 
123 

82 

78 

76 

102 

117 

71 

115 
98 

145 
73 

(3) 


Deflec- 
tion In 
Inches. 

6b. 


0481 
0208 
0197 
0038 
0067 

0354 

036 

081 

031 

052 

030 
037 
040 
028 
026 

041 
023 
026 
056 

(4) 


Resilience  in 
Inch-Pounds. 


Ulti- 
mate. 
R. 


224-5 

31-3 

810 

3-2 

0-96 


127 
65 

100 
56 
57 


6 
3 
0 
6 

7 


560 
570 
78-4 
71-5 
35-3 

70-7 
58-7 
63-7 
87-6 

(5) 


Safe 
Work- 
ing. 
r. 


80-8 
13-9 
6-78 
0-20 
0-06 


2 
2 
3 
1 
2 


41 
02 
68 
91 
13 


1-17 
1-41 
2-04 
1-64 
0-92 

2-36 
113 

1-88 
2-04 

(6) 


Ratios. 


2. 


1-66 
1-5 

3 

4 

4 

5 
5 
5 
5 
5 

5 
5 
5 
5 
5 

5 
5 
5 
5 

a) 


1-66 

1-5 

4 

4 

4 


10 
6 
5 
5 
5 

9 
8 
7 
8 
7 

5 

10 

6 

8 


6 

5 

44 

94 

45 

60 
11 
70 
75 
62 

98 
40 


R 

r 


2-78 
2-25 

12 

16 

16 


53 
32 
27 
29 
27- 


3 
2 

1 


47-9 
40-4 
38-4 
43-6 
38-3 

300 


52  0 
77  33-9 
5742-9 


(8) 


(9) 


*  "  Limit  of  Elasticity  " :  W^rought-lron  =  i,  and  Steel  =  i  the  Breaking-down  loads, 
t  i  of  Breaking-down  load.  t  i  <»  Breaking'down  load. 

*'  Old  Bule:'— The  mle  (329)  shows  that  in  hollow  square 

D*  -  d*. 
sections  the  strength  is  proportional  to  — y^ — -    The  old  rule 

very  commonly  used  h  j  practical  men  is : — 

(337.)  W  =  (D»  -  (P)  X  Mt  -^  L. 

o 


Id4  beams:   oenebal  rules. 

In  tbis  nilo  n  hollow  benm  is  imnsideivd  ae  composed  of  two 
solid  btiaEQfl,  one  liuTuig  tlie  oitemol,  and  the  otter  the  internal 
dimensions;  then  tho  etrangth  of  the  emallcr  ono  subtracted 
from  that  of  the  larger  was  eupposod  to  giro  the  Btrength  of  the 
hollow  ono.  But  it  is  oserlookod  tliat  tho  ultimale  deflection  is 
inversely  proportional  to  the  depth  (C94),  and  that  the  full 
strength  will  not  be  realised  if  that  deflection  is  not  permitted. 
For  instance,  in  Fig.  64,  tho  hollow  beam  A  is  supposed  to  be 
wropoaed  of  the  two  solid  beams  B,  Fig.  66,  and  C,  Fig,  66,  but 
tho  iiltimato  doflection  of  the  two  latter  will  be  in  the  mtio 
1  to  2.  Now,  when  combined  aB  in  A,  nud  when  breaking  with 
the  deflection  duo  to  B.  tho  deflection  of  C  is  /la^/only  of  that  due 
with  its  own  breaking  weight,  thoroforo  half  only  of  its  strength 
0  ho  suhtraated  from  tho  full  strength  of  B  in  order  to  find 
tho  rciil  strength  of  A.  By  tho  old  ride  the  strength  of  A 
rould  be  4'  -  2',  or  64  -  ft  =  56,  but  allowing  half  of  0  only, 
we  obtain  64  —  4  =  60  as  the  actual  strength.     Wa  ahonld 

obtain  tho  same  result  by  the  rule  (329),  namely  — ^—  <  or 

4'  -  2'         256  -  ir>         240       „„  ,    . 

in  onr    case    —  . —  or      -   . —    or  -.-  —  60,    aa    before. 

which  is  60-5-56  =  1'07,  or  7  per  cent,  in  oscesa  of  the  old 
rule. 

(338.)  Again ;  in  Fig.  C7,  the  internal  dimensions  are  ■}  of 
tho  internal ;  for  the  fonner  we  have  4'=  64,  and  J  of  the  latter 
becomes  3'  x  }  =  20-25;    hence  the  strength  of  tho  hollow 

beam  is  64  -  20-25  =  43-75.     The  rule  (329)  gives  ^^-^ 

nr/>  —  ftl  175 

or   — — T or   ~   =  43-75   also.      The    old    rule    givefi 

4^  -  3i'  =  37,  tho  correct  rule  being  43  -  75  -^  37  =  1  - 18.  or 
18  per  cent,  in  cscess  of  tho  old  one. 

Again :  in  Fig.  68,  the  internal  sizes  are  J  of  the  citernal ; 
hence,  instead  of  deducting  3.J^  =  42-875,  wo  have  to  deduct 
42-875  X  7-^8  =  37-5,  and  we  obtain  64  -  37-5  =  2G-5  for 

the  hollow   beam.    By  rule  (329)  ^-^.^    or  ^^^-""^^    or 
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^  =  26-6  as  before.    By  the  old  rule  4»  -  3J»  =  21-125 ; 

the  correct  rule  being  26-5-7-21*125  =  1*254,  or  25*4  per 
cent,  in  excess  of  the  old  rule. 

From  all  this  we  find  that  the  old  rule  is  entirely  incorrect ; 
and,  further,  we  have  the  result  that  the  error  increases  with 
the  relative  thinness  of  the  metal.  Thus  with  metal  1,  ^,  and 
^  inch  thick,  the  error  in  our  case  was  7, 18,  and  25  *  4  per  cent, 
respectively. 

(339.)  The  same  erroneous  method  of  calculation  (337)  is 
very  commonly  applied  to  girders  of  the  ordinary  flanged  type. 
Thus  in  Fig.  69,  A  is  the  section  of  a  girder,  which  is  fre- 
quently considered  as  composed  of  two  plain  sections  B  and  C : — 
then  for  B  by  the  rule  (324)  we  have  9*  x  3  =  241,  and  for  C, 
7*  X  2^.=  110*25,  from  which  A  becomes  241  -  110*25 
=  130*75.     But    by    the    correct    rule    (330),    we    obtain 

(y_x3)_^  (7»  X  2i)  ^  157 . 3 .  ^  difference  of  157  *  3  -f- 130  •  75 
=  1  *  20,  or  20  per  cent. 

SPBOIAL   RULES   FOB   OAST   IBON. 

(340.)  The  Rules  in  (323)  are  perfectly  correct  for  all 
materials  so  far  as  solid  sections  are  concerned,  but  for  hollow 
tubular,  and  ordinary  J_  and  X  sections  in  cast  and  wrought  iron 
they  are  not  correct  except  for  very  light  strains.  The  rules  are 
absolutely  correct  for  those  cases  only  where  the  Tensile  and 
Crushing  strength  of  the  material  and  the  corresponding  extensions 
and  compressions  are  equal  to  one  another,  and  this,  as  shown 
by  Table  79,  is  not  the  case  with  any  known  material  when 
strained  nearly  to  the  breaking  point.  With  cast  iron  the  ratio 
of  those  strains  is  1  to  6,  and  special  rules  become  necessary 
when  we  would  calculate  the  breaking  weight.  With  wrought 
iron  there  is  much  greater  equality  between  T  and  C,  and  the 
ordinary  rules  would  be  nearly  correct  but  for  the  fact  that  in 
thin  plates  of  wrought  iron  there  is  a  tendency  to  wrinkle  or 
become  undulated  under  a  compressive  load  with  a  strain  much 
less  than  is  necessary  to  crush  the  material.  The  great 
strength  of  cast  iron  in  resisting  compression,  and  the  great 

0  2 
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weakneBS  of  wronght  itod,  neccsxitato  Bpeciol  rules  for  both 
niaturiUilB,  dlfferiug  from  one  auutbor,  and  difleriag  alEo  from 
the    ordinar;   niloB    for  other    materials  whoso    tensile   and 

•DBhifig  Btrengths  oi'o  more  nearly  equal.  The  iiecessity  for 
Bpocial  rulcB  will  bo  mudo  .apparent  hy  comparing  colealation 
with  experiment.  It  is  probable  that  with  the  working  loads 
commonly  adopted  in  practice,  eay  ^rd  of  tbo  breaking  weight, 
the  ordinary  nilos  will  bo  euSciontly  correct  for  practice  (353) ; 
the  uHUol  course,  however,  is  to  calculate  the  breaking  weight, 
luid  then  to  find  the  working  load  by  the  use  of  the  "  Factor  of 
Safety  "  (880). 

{341.)  The  best  mle  we  can  give  for  Cast-iron  beams  is  an 
Empirical  one,  and  is  based  on  the  assumption  that  the  tefiiat- 

!0  to  compression  is  infinite,  and  as  a  reBult,  that  the  neutral 
axis  coincides  with  the  edge  of  that  part  of  the  section  sub- 
jected to  compression.  This  assumption  is  manifestly  not 
abaolntely  true ;  nevertheless,  we  shall  obtain  with  csst  iron 
more  correct  rusults  on  that  hypothesis  than  with  any  other. 

{U-2.)  "Beams  of  1  and  T  Sir/iVn."— The  l*Bt  evidence  of 
the  necessity  for  special  rules  for  oast-iron  beams  is  given  by 
sections  of  this  form.  Let  A,  in  Fig.  70,  be  such  a  section. 
By  the  old  method  of  calculation  (339)  this  would  he  regarded 
as  two  solid  beams,  B  and  C ;  for  B  we  have  8'  x  6  =  384 ; 
for  C,  7'  X  5  =  245  ;  hence  A  becomes  884  -  245  =  139,  which 
is  the  reduced  value  of  D^  x  B.  Now,  if  we  reverse  the 
position  as  at  D,  wo  should  by  tliis  mode  of  calculation  obtain 
precisely  tho  same  result,  whereas  it  is  well  knoirn  by  experi- 
ment that  with  cast  iron  there  is  a  great  difibrcneo  of  Btrength 
in  tho  two  positions,  A  being  much  stronger  than  D. 

By  the  new  method  of  calcTilntion  we  must  calculate  in  both 
cases  from  the  line  N,  A ;  then  with  A  we  have  for  tbo  vertical  web 
7'  X  1  =  49,  and  for  the  bottom  flange  (8'  -  7')  X  6  =  90 ;  the 
sum  of  the  two  =  139,  or  the  same  as  by  the  old  method.  But 
with  D  we  have  for  the  top  flange  1'  x  6  =  6,  and  for  the 
vertical  web  (8'  —  1')  x  1  =  03  ;  the  sum  of  tho  two  is  6  -)-  63 
=  C9,  which  is  very  nearly  half  the  strength  in  the  other 
position,  namely  139. 

(343.)  Mr.  Hodgkinson  made  experiments  on  beams  E  and  F 
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in  Fig.  71 ;  E  broke  with  1008  lbs. :  and  F  with  270  lbs. ;  the 
ratio  being  1008  4-  270  =  3  •  73  to  1.  The  length  between 
supports  was  4*25  feet.  Calculating  from  the  line  N,  A,  in 
both  cases  we  have  with  E,  for  the  vertical  web  1  •  1*  X  i  = 
•  302,  and  for  the  bottom  flange  (1  •  35*  -  1  •  1«)  x  4  =  2  •  45 :  the 
sum  of  the  two  is  -  302  +  2  *  45  =  2  *  752,  which  is  the  reduced 
value  of  D*  X  B  in  rule  (324),  and  taking  Mt  =  2063  lbs.,  we 
obtain  2-752  x  2063 -r- 4 -25  =  1336  lbs. 

In  the  position  F  we  have  for  the  top  flange  '  25^  x  4  =  -  25, 
and  for  the  vertical  web  (1-35*  —  '25*)  x  '25  =  '44: — the 
sum  of  the  two  =  •  25  +  *  44  =  •  69,  which  is  the  reduced  value 
of  D'  X  B,  and  rule  (324)  becomes  •  69  x  2063  -r-  4  •  25  = 
335  lbs.  The  ratio  of  the  strength  in  the  two  positions  is 
1336  4-  335  =  3  •  988  to  1 :  experiment  gave  3  •  73  to  1. 

(344.)  In  Fig.  72  we  have  sections  of  similar  beams  experi- 
mented upon  by  Mr.  Hodgkinson,  the  length  between  supports 
being  6|  feet;  G  broke  with  1120  lbs.,  and  H  with  364  lbs., 
the  ratio  being  1120  4-364  =  3-08  to  1.  Calculating  from 
the  line  N,  A  as  before,  with  G  we  have  for  the  vertical  web 
1-26*  X  -365  =  -58;  for  the  bottom  flange  (1-56^  -  l-26») 
X  5  =  4-23.  The  sum  of  the  two  =  -58  +  4-23  =  4-81,  with 
which  rule  (324)  becomes  4-81  x  2063  4-  6*5  =  1526  lbs. 

In  the  position  H,  we  have  for  the  top  flange  *  3^  x  5  =  '  45 ; 
for  the  vertical  web  (1  •  55»  -  •  3*)  x  •  36  =  •  8325 :— the  sum 
of  the  two  =  -45  +  -8325  =  1*2825,  with  which  rule  (324) 
becomes  1-2825  x  2063-^-6-5  =  407  lbs.,  giving  as  the  ratio 
of  strengths  in  the  two  positions,  1526-7-407  =  3-75  to  1: 
experiment  gave  3-08  to  1. 

Considering  the  extreme  disproportion  between  the  flange  and 
web  in  these  experimental  beams,  whose  forms  were  not  such  as 
would  usually  be  found  in  practice,  but  were  designed  for  the 
special  pu^>oses  of  research,  the  calculated  results  are  perhaps 
as  correct  as  could  be  expected. 

(345.)  ""  Hollow  Beciangular  JBeanw."— Let  Fig.  73  be  the 
s^tion  of  a  hollow  beam  4  inches  square  externally,  3  inches 
internally,  6  feet  long,  Mt  =  '  92  ton.  Calculating  from  the 
neutral  axis  N,  A,  D^  x  B  becomes  for  the  top  plate  a,  -  5'  x  4 
=  I'O;  for  the  two  sides  b  6,  (3^*  -  i«)  x  1  =  12-0;  and  for 
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the  bottum  e  (4'  -  3J')  x  4  =  15'  0-  The  Bum  of  the  whole  is 
1  +  12  +  15  =  28,  with  which  the  rule  (324),  or  W  =  D"  X  B 
X  Mi-i-L,  becomes  28  x '92 -^C  =  i-SitS  tons  hresHng 
weight  ia  the  ocntre. 

B;  the  old  rnle  (337)  we  ahoold  luTe  had  (4'  -  S*)  x  *9S 

-j-6  =  5-fi7  tona.     By  rnle  (329)  we  obtsin  *-^^-^^*  X  ■  92 -^ 

6  =  6-71  tous. 

(Sm.)  Wc  have  thus  obtained  three  very  different  rusultis,  and 
in  the  absence  of  oiperiment  should  uot  know  which  was  correct ; 
fortunately,  wo  have  Mr.  E,  Olajk'e  experimontB  un  hollow  beama 
of  farioas  sections  by  which  the  various  rules  may  bo  tested. 

Fig.  71  is  the  aoction  of  a  bolloir  square  beam,  the  meaa 
breaking  weight  of  which  with  a  longth  of  S  ftiet  was  2*162 
tons.  There  wore  three  esporimeots  which  gave  2 '  0,  2 '  OS,  and 
2'40G  tous  respectively.  Calculating  &om  the  lino  N,  A,  as  in 
the  Inst  example,  we  have  for  the  top  J'  x  SJ  =  ■  439 ;  for  the 
'  two  Bides  (2J'  —  2')  x  J  =  5-G66;  and  for  the  bottom  (3J'  - 
2f)  X  3J  =  (:-885.  The  Bum  of  the  three  is  12-99  :  then  rule 
(324)bwomo8  W  =  12-99  X  -92-^6  =  2  tons  miarly.agreeing 
precisely  with  one  of  the  esperiments,  but  differing  from  the 
mean  of  the  three  2-0 -^  2-152=  -929,  giving  an  error  by 
Special  Kule  of  1  ■  0  -  -  929  =  •  071  or  -7-1  per  cent. 

If  wo  calculate  the  some  beam  by  rule  (329),  we  obtain 

W  =  ^-^r^^'  X -92-^6  =  3- 119  tons:  hence  3-119 -^ 2- 152 

=  1  ■  45,  or  au  error  of  +  45  per  cent,  by  the  ordinary  rule. 

(347.)  Fig.  75  gives  the  eectiou  of  hollow  rectangular  licams, 
the  mean  breaking  weight  of  which  by  Mr.  Clark's  exiMji'imeuts 
was  2'3  tons,  the  length  being  6  feet.  TJiere  were  four  exi>eri- 
ments,  the  maiumum  =  2  -  45,  and  the  minimum  =  2-2  tons. 
Calculating  from  the  line  N,  A,  we  have  for  the  top,  3'  x  2-21 
=  -3107;  for  the  two  sides  (3-G65' -f)  X  i  =  9-975;  and 
for  the  bottom  (4-04"  -  3-665=)  x  2-21  =  6-033.  The  sum 
of  the  whole  is  16-319;  then  the  rule  becomes  16-319  x  "92 
-^6  =  2-502  tons;  hence  2-502-1-2-3  =  1-088,  or  an  error 
of  -|-  8'8  per  cent. 
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p        1     /Qom           V.  •    (^'0^'  ^  2-21)  -  (3-29»  X  1-46) 
By  rule  (330)  we  obtain  ^ ^-^ 

X  -92-7-6  =  3-558   tons:— hence  3-558  4- 2-3  =  1-547,  or 
an  error  of  +  54*7  per  cent,  by  the  ordinary  rule. 

(348.)  "  Circular  Sections** — For  circular  sections,  or  cylin- 
drical beams,  we  must  still  calculate  from  the  top  edge  of  the 
section,  but  shall  have  to  resort  to  analysis  in  the  manner  ex- 
plained and  illustrated  for  rectangular  sections  in  (494). 
Taking  first  a  solid  round  bar  1  inch  diameter,  and  1  foot  long, 
we  know  (335)  that  a  square  bar  of  those  dimensions  would 
break  with  *  92  ton,  and  admitting  for  the  breaking  weight  1  -  0 
to  1*5  as  the  experimental  ratio  of  the  strength  of  round  to 
square  bars  (361),  a  round  bar  would  break  with  -92-7-1-5  = 
*  6133  ton.  Now  by  analysis,  we  have  to  reckon  from  the  line 
N,  A  in  Fig.  76 ;  the  maximum  tension  at  C  =  7-14  tons  per 
square  inch  (4),  therefore  at  B  =  7*14  -^  2  =  3-57  tons.  The 
area  =  '7854  square  inch,  hence  -7854  x  3-57  =  2*8  tons: — 
but  it  is  shown  in  (495)  that  to  obtain  the  true  mean,  we  must 
take  J  of  that  product  or  2-8x4-^3  =  3-733  tons.  Re- 
ducing the  case  to  a  cantilever  of  half  the  length  of  the  beam, 
as  in  Fig.  92,  we  find  that  the  leverages  by  which  the  strain  of 
3*733  tons  acts  are  ^  inch  and  6  inches,  then  the  strain  at  the 
end  of  the  cantilever  becomes  3-733  x  ^-f-6  =  -3111  ton, 
which  is  equivalent  to  -3111  x  2  =  *  6222  ton  in  the  centre  of 
the  beam  1  foot  long,  differing  little  from  '6133  ton,  as  we 
found  before. 

(349.)  Applying  this  method  of  calculation  to  hollow 
cylindrical  beams ;  Fig.  77  gives  the  section  of  three  which  by 
Mr.  Clark's  experiments  broke  with  2-0875,  2-358,  and  2-416 
tons  respectively,  the  mean  being  2  *  287  tons,  with  a  length  of 
6  feet.  The  area  of  the  section  =  4*12  square  inches,  hence 
4*12  X  3-57  X  J  =  19-6  tons,  which  with  leverages  of  2  and 
36  inches,  gives  19*6  X  2 -7-  36  =  1*09  ton  at  the  end  of  a 
cantilever  3  feet  long,  equivalent  to  1*09  X  2  =  2*18  tons  in 
the  centre  of  a  beam  6  feet  long.  Experiment  gave  as  the  mean 
2*287  tons;  hence  2-18 -^  2*287  =  * 9532,  or  1  •  0  -  -9532  = 
•0468,  giving  an  error  of  —  4-68  per  cent. 

By  role  (332)  taking  the  value  of  Mt  for  the  breaking  weight 
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135)  of  ciwmlM-  Kctioiu  ■t-93-i-l-5  =  -5133,  wo  obtain 
■875' -^3-125'  ^  .6133^6  =  3.432  tons:  hence  3-432 -^ 

■287  =  1'50,  «r  ma  erwr  of  +  50  per  cent,  by  the  ordinary 
ale. 

(3.50.)  « GiMfer-jwdMJM."— The  budo  method  of  calculation 
riU  apply  to  girdera  of  all  ieotioiu  with  eqaaX  or  nnoqnol 
mgtm.  Pig.  76  18  the  eeetian  of  ooe  which  by  Mr.  Hodgkiu- 
ob's  npariment  tvoks  with  6678  lbs.  in  the  oentro ;  the  wuigbt 
f  the  beam  il»lf  betwoCTi  mpporta  4 J  feet  asnnder  was  3i  II*., 
iloiTaleot  to  16  lbs.  in  the  centre,  giWag  a  total  of  6678  4-  IG 
=  &6M  Ibe.  Calculating  firm  the  lino  N,  A,  and  taking  Mj 
=  2063  IbB^  we  bare  for  the  top  flange  -iS"  X  1-76  =  -31 ; 
or  the  T«rtical  web  (4-735'  -  iV)  x  -29  =  6-45;  and  for 
l»botlafo(Uage(5-12.y- 4-735')  x  1-76  =  6-758:  the  enm 
r  tbe  wholv  in  -31  +6-45  +6-758  =  13-518  which  te  the 
atneed  ntlne  of  D*  X  B  in  rale  (324),  wbjob  then  bocomeB 
S'518  y  ■20r>3-^4-.5  ~  6197  lbs,:  cspcriment  pave  C691  Ibe.. 

hence  6197 -^  6694  = -9258,  Bhowing  an  error  of  1-0  --9258 

=  -0742,  or  -  7-42  per  cent 
By  rule  (330)  wc  ehoold  have  had 

(5^125^X^1 -76)j-  (4-315'  x  1-47) 
5-125 

X  2063-^4-5  =  10630  Ibe.:  hence  10630-^6694  =  1-588, 
or  an  error  of  +  58  ■  8  per  cent,  by  the  ordinary  rule, 

(351.)  Ab  an  example  of  tbo  application  of  the  special  roles 
to  girders  with  unequal  flanges,  we  may  take  Pig.  79,  which 
iriTOR  the  section  of  girders  of  the  proportions  recommeDded  by 
Ji.r.  HodgkinEon,  tbo  ratio  of  the  areas  of  Sanges  being  exactly 
J  to  6.  Hr.  Ovren,  the  Government  Inspector  of  MettJs,  made 
a  sorioB  of  13  ciperimenta  on  these  girders,  with  very  voriouB 
fciads  of  British  cast  iron,  some  pore  and  others  mixed  ;  this 
Cftct,  together  with  the  largo  scale  of  the  experiments,  enhances 
•jjeir  value  very  much.  The  general  reaolts  are  given  by 
fTftble  68 :  the  maximum  =  47;^  tons,  tbo  minimum  =  30  tons, 

jjd  the  mean  of  the  whole  =  38- 3  tons  in  the  centre  of  the 

■rdor,  IG  f^'  between  aupporte. 


W  =  ^' 
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Calcnlating  as  before  from  the  line  N,  A,  we  have  for  the  top 
flange  1«  x  3^  =  3-5;  for  the  vertical  web  (12^*  -  1^)  x  1 
=  149-0  ;  and  for  the  bottom  flange  (14=*  -  12 J«)  x  12  =  552. 
The  snm  of  the  whole  =  3-5  +  149-0  -f  552-0  =  704-5,  which 
is  the  reduced  value  of  D'  x  B  in  rule  (324),  which  then  becomes 
704*5  x*92-T-16  =  40*5  tons:  experiment  gave  a  mean 
=  38*8  tons;  hence  40-5  4-  38-3  =  1-0575,  or  an  error  of 
+  5  •  75  per  cent,  by  Special  Eule. 

To  calculate  this  girder  in  the  ordinary  way,  we  shall 
have  to  modify  rule  (330),  which  then  becomes  in  our  case 

W=  j  i^^-  C^^]  +  [^^J^*  }  X  -92-16 

=  56-46  tons,  giving  an  error  of  56-46 -f- 38-3  =  1-475,  or 
-|-47-5  per  cent. 

(852.)  *•  General  Be8tdts" — The  whole  of  these  experiments 
on  square,  rectangular,  circular,  and  ordinary  girder  sections 
with  equal  and  unequal  flanges,  show  that  the  method  of  calcu- 
lating from  the  top  edge  gives  in  all  cases  the  most  correct 
results,  the  errors  in  the  five  diflerent  kinds  of  section  by  the 
«peciaZ rules  being  -  7-1, -f- 8*8,  -  4-G8,  -  7-42, and -f- 5-75 
per  cent,  respectively ;  whereas  by  the  ordinary  rules  they  were 
■f  45,  +  54-7,  +  50-0,  +  58*8,  and  +  47-5  per  cent,  respec- 
tively. It  should  also  be  observed  that  in  the  special  rules  the 
9um  of  the  three  —  errors  is  19  *  2,  and  the  sum  of  the  two 
+  errors  is  +  14*55,  so  that  we  have  as  a  general  average 
result  (19-2  -  14-55)  -i-  5  =  0-93,  or  less  than  1  per  cent. 

(353.)  It  is  shown  by  all  these  experiments  that  the  ordinary 
rules  in  (323),  &c.,  give  always  much  higher  results  than  the 
special  rules,  the  difference  being  47  •  5  —  5  -  75  =  41  •  75  per 
cent,  in  the  girder  with  unequal  flanges  (351),  and  4  *  68  +  50  *  0 
=  54-68  per  cent,  with  the  circular  section  in  (349).  Now  it 
is  admitted  in  (510)  that  for  small  strains,  say  up  to  ^rd  of  the 
breaking  weight,  the  ordinary  rules  in  (512),  &c.,  which  are 
based  on  the  supposed  equality  of  the  tensile  and  compressive 
strengths  of  the  material,  are  nearly  correct. 

(854.)  According  to  that,  we  might  calculate  the  safe  load  by 
the  ordinary  rule,  while  the  breaking  weight  must  be  found  by 
the  special  rule.  This  method  would  conduct  us  to  some  curious 
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Table  68. — Of  the  Compahative  STBBNOia  of  Common  and  Stielisg'8 
TooouENED  Cast  Iron,  in  Girders  10  fwt  lung,  &c.    Fi?.  79. 
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results :  thus,  taking  for  the  values  of  Mt  =  *  92  ton  for  the 
breaking  weight,  and  ^rd  of  •  92,  or  •  3067  for  the  safe  weight, 
then  calculating  the  former  by  the  special  rule  and  the  latter  by 
the  ordinary  rule,  the  safe  load  comes  out  considerably  more  than 
^rd  of  the  breaking  weight ;  in  fact  more  than  ^  in  some  cases. 

For  instance  :  for  hollow  square  beams  in  (346)  the  breaking 
weight  by  special  rule  =  2  tons,  but  by  ordinary  rule  with 
Mt  =  '92  we  obtained  3*119  tons :  obviously  with  Mt  =  '  3067, 
or  ^rd  of  -92,  we  should  have  3- 119  -^  3  =  1-0397  ton,  which 
is  more  than  half  the  breaking  weight  as  calculated  by  the 
special  rule,  namely,  2  tons. 

Again:  with  the  equal-flanged  girder  in  (350),  the  calculated 
breaking  weight  by  the  special  rule  =  6197  lbs.,  and  the  safe 
load  by  ordinary  rule  would  be  10630  -^  3  =  3543  lbs.,  which 
again  is  considerably  more  than  half  the  breaking  weight  by 
special  rule  and  experiment,  instead  of  ^rd,  as  it  would  have 
been  if  both  had  been  calculated  by  the  same  rule. 

(355.)  This  reasoning  is  certainly  correct  for  cast  iron  with 
very  light  strains  up  to  |th  of  the  breaking  weight,  as  shown 
in  (617) ;  as  the  load  is  increased  beyond  that  point,  the  ordi«- 
nary  rules  give  results  more  and  more  in  excess  of  the  true 
strength  until  the  breaking  weight  is  attained,  when,  as  shown 
in  (353),  it  becomes  more  than  50  per  cent.  On  the  other  hand, 
the  special  rules  may  be  taken  as  perfectly  correct  for  the 
breaking  weight ;  but  as  the  load  is  reduced  they  give  results  in 
defect  of  the  true  value,  the  error  increasing  until  with  |th  of 
the  l^^reaking  weight  it  becomes  —  33  per  cent. 

It  will  be  evident  from  this  that  with  ^  of  the  breaking 
weight,  which  is  usually  adopted  for  the  safe  load,  the  strength 
woiUd  be  intermediate  between  those  given  by  the  two  rules. 
It  is  therefore  not  quite  correct  to  assume  that  the  ordinary 
roles  will  give  the  working  load  with  "  Factor  "  3. 

(356.)  In  Fig.  81  we  have  a  Diagram  in  which  the  combina- 
tion of  the  two  rules  is  represented  graphically,  the  results  by 
the  special  rule  being  shown  by  the  line  A,  and  by  the  ordinary 
rule  by  the  line  £,  the  latter  being  throughout  50  per  cent  in 
excess  of  the  former.  Now,  we  have  seen  that  the  ordinary 
rule  is  correct  with  |th  of  the  breaking  weight,  and  the  special 
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mle  with  the  full  breftking  weight: — then  the  line  0,  which 
connects  thoeo  two  [lointa,  should  give  the  correct  looJ  throagh- 
ont.  ThuB,  at  Jth  the  breaking  weight,  or  at  D,  the  line  C  is 
exactly  intermediate  between  A  and  B.  and  the  true  etreogth  is 
nn  arithnietioal  moan  between  the  two  rolea  For  oiainple: 
the  hollow  square  beams  in  {3-lG)  came  out  2  tons  breaking 
weight  by  the  special  rule,  therefore  at  Jth.  or  with  Factor  =  4, 
we  have  2  -f-  4  =  0'5  ton  working  lead.  By  ordinary  rule  tiio 
breaking  weight  was  3-119  tons,  aad  for  the  working  load  we 
have  3'119-r-4=  -78  ton.  Then,  as  by  Diagram,  the  true 
load  for  ^th  the  breaking  weight  is  tax  arithmetical  mean 
between  those  results,  and  becomes  (0  ■  5  +  0  ■  78)  -^  2  =  ■  64  ton. 
Or  we  might  have  done  it  auothor  way,  by  dividing  the  dif- 
ference between  the  two  rales  into  two  equal  parts ;  luiding  one 
of  those  porta  to  the  calculated  strength  hy  the  special  rule,  or, 
deducting  it  from  that  by  the  ordinary  rale,  we  shonld  obtain 
the  same  result  Thua.in  oar  cose  (-78  —  -5)-i-2  =  -14,  and 
•5  4-  -14  ^-ei;  or  -78  --14  =  -(14  as  before.  In  this  case, 
the  breaking  weight  is  2  4-  -64  =  3-13  times  the  safe  load, 
and  yet  the  beam  is  strained  to  ^th  only  of  the  breaking  weight : 
the  effect  being  to  add  ■  64  -^  ■  5  =  1  ■  28,  or  28  per  cent,  to  the 
working  load. 

It  seems  paradoxical  to  say  that  a  beam  loaded  with  ^th  of 
the  breaking  load  is  not  strained  to  Jth  of  the  breaking  weight, 
but  this  is  due  to  the  peculiar  character  of  the  material.  Tbos, 
say  we  have  a  beam  whoKC  breaking  weight  =  100,  then  when 
loaded  with  25  it  seems  to  be  self-evident  that  it  will  bo  strained 
to  ^ih  of  the  breaking  weight,  but  we  have  shown  thot  to 
produce  that  strain  we  shall  require  a  load  of  1-28-4-4  =  32 
instead  of  25.     See  (133)  and  (504). 

(357.)  For  Jrd  the  breaking  weight  the  diagram  shows  that 
the  difference  between  the  two  rules  must  be  divided  into  three 
equal  parts,  and  tho  true  strength  will  then  be  found  by  adding 
one  of  those  parts  to  the  special  rule,  or  deducting  Iwo  of  the 
same  from  the  ordinary  rule.  Thus,  taking  the  same  example 
as  before,  we  have  2-i-3  =  -6667  ton  by  special  rule,  and  3 '119 
~  '6  =  1-0397  by  ordinary  mle:  the  difference  =  1-0937 
-■6667  =  0-373.    Then  -373-^3  =  -1243  is  to  be  added  to 
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•6667,  and  we  obtain  -6667+  -1243=  -791  ton :— similarly 
two  of  those  parts,  or  •  1243  X  2  =  •  2486,  deducted  from  1  •  0397 
gives  1-0397  -  -2486  =  -791,  as  before ;  the  ratio  of  which  to 
the  breaking  weight,  as  found  by  special  rule  and  experiment,  is 
2-T-  •  791  =  2-628  to  I'O  instead  of  3  to  1,  as  by  the  ordinary 
method  of  procedure.  The  effect  of  this  is  to  add  •  791  -r  *  6667 
=  1*1865,  or  18 '65  per  cent,  to  the  working  load: — taking  a 
beam  whose  breaking  weight  =  100  tons,  then,  when  strained 
to  ird,  the  load  will  not  be  100  -r-  3  =  33-33  tons,  but  118-65 
-T-3  =  39-55  tons. 

(358.)  The  application  of  these  principles  to  practice  is  very 
simple ;  for  instance,  the  breaking  weight  of  the  girder.  Fig.  79, 
was  found  in  (351)  to  be  40  *  5  tons,  as  calculated  by  the  special 
role;  then  if  we  adopt  4  as  the  factor  of  safety,  the  working 
load  would  be  40-5-^-4  =  10-12  tons  by  the  ordinary  course, 
but  by  (366)  we  obtain  10-12  x  1  •  28  =  13  tons  nearly.  If  wo 
adopt  3  as  the  Factor,  we  have  40*5  —  3  =  13-5  tons  in  the  usual 
way,  which  by  (357)  becomes  13-5  x  1*1865  =  16  tons,  &c. 

(369.)  "  Batio  of  Square  to  Bound  Bars" — It  is  shown  in 
(519)  that  the  theoretical  ratio  of  the  strength  of  square  to 
round  bars  of  the  same  dimensions  is  1  -  7  to  1  *  0 ;  but  this  is 
strictly  true  for  those  cases  only  where  the  tensile  and  com- 
pressive strengths  and  the  corresponding  extensions  and  com- 
pressions are  equal  to  one  another,  and  this,  as  we  have  seen, 
is  not  realised  perfectly  with  any  materials,  except  with  very 
light  strains  (617).  Under  these  circumstances,  experiment 
alone  can  determine  the  real  ratio  for  the  Breaking  weight,  <&c. 

(360.)  For  cast  iron  we  have  the  experiments  of  Mr,  W.  H. 
Barlow,  which  were  made  with  direct  reference  to  this  question  : 
the  results  are  given  in  Table  69.  It  will  be  observed  that  the 
round  bars  were  not  made  of  the  same  linear  dimensions  as  the 
square  ones,  but  rather  of  the  same  sectional  area.  The  object 
of  this  was  possibly  to  avoid  the  complications  due  to  the  size 
of  the  casting,  which,  as  shown  by  (932),  is  very  influential  on 
the  transverse  strength  of  cast  iron.  Thus,  a  bar  2  inches 
square  would  have  the  same  area  as  another  2^  inches  diameter, 
and  presumably  there  would  be  equality  of  strength  so  far  as 
that  is  affected  by  the  size  of  casting. 
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In  tbe  first  act  of  eiperuaeuts  the  bars  noro  about  one  square 
inch  in  area:  tbe  monu  value  of  Mr  from  five  square  bare  = 
2530  lbs.,  and  fraia  five  round  onos  1697  lbs.,  tbe  ratio  being 
2530-MG97  =  1'491  to  1-0.  lu  tbe  eecond  eot  tbo  bars  were 
about  4  square  iucbee  in  ania :  four  square  bars  gave  M^  = 
2173  lbs.,  and  nine  round  ones  =  1399  lbs.,  tbe  ratio  being 
2173-^1399  =  1-553  to  1-0. 

Table  89. — Of  Espkhimkktb  tin  tbe  Rbi.ative  TBAUBVBnaB  Stuenoth 
of  SqDAitK  HQd  lliJOMu  Barb  of  Cast  litcis,  all  5  flMt  llKlg. 
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Ewpa. 

BrHdUi. 

Bn.^liig 
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I-Oi 
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1-023 
1-02 
1'023 
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nns 

.',:ia 
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I   120 

519 
SOS 
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? 

51 

2 
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4003 
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1-Mb 
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I 
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33S8 
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1CI3 

l.")H 

2-19 

20SH 

1+22 

Mean 

-.217.1 

Mo«u 

..13'.H 

(361.)  Tbo  mean  ratio  from  tbe  wbolo  of  these  ex]>eriments, 
23  in  Bumber,  is  1-522  to  1-0,  or  nearly  1-5  to  1-0,  inatea,] 
of  1  •  7  to  1  -  0,  as  due  by  theory.  Tbis  may  be  taken,  therefore, 
as  the  real  ratio  for  cast  iron. 
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Fop  timber  we  have  the  experiments  of  Mr.  P.  Barlow  on 
2-inch  round  and  square  bars  cut  from  the  same  plank  of 
Christiania  deal  4  feet  long : — there  were  three  round  bars  which 
broke  with  740,  780,  and  796  lbs.  respectively,  the  mean  being 
772  lbs.  Two  square  bars  gave  1125  and  1110  lbs.  respec- 
tively, the  mean  being  1117  lbs.,  and  the  ratio  1117-7-772 
=  1  *  447  to  1*0.  Mr.  Couch's  experiments  on  round  beams  in 
the  form  of  spars  B^  inches  diameter  give  as  the  value  of  Mt  for 

Riga  Fir  Red  Pino  Yellow  Pino  English  Oak 

296  310  272  337  lbs. 

By  Table  66,  the  mean  value  of  Mt  for  square  bars  of  the 
same  materials  is — 

389  491  446  509  lbs. 

hence  the  ratio  of  the  transverse  strengths  of  square  to  round 
bars  comes  out — 

1'314  1-584  1-64  1*51 

The  mean  =  1  •  512  to  1  •  0 :  Mr.  Barlow's  experiments,  as  we 
have  seen,  gave  1  •  447  to  1*0. 

(362.)  We  may  therefore  take  1*5  to  1*0  as  the  ratio  of 
square  to  round  beams  of  Timber,  being  the  same  as  found  for 
Cast  iron ;  both  being  for  the  breaking  weights  (354). 

For  wrought  iron,  and  still  more  certainly  for  steel,  whose 
elasticity  is  nearly  perfect,  especially  for  the  moderate  strains 
usually  adopted  as  the  working  load  in  practice,  we  may  admit 
the  theoretical  ratio  1*7  to  1*0. 

(363.)  "  Bottoms  of  Bound  Vessels :  Cast  Iron" — The  bottoms 
of  air-vessels  and  the  sides  of  valve-boxes  for  pumps,  &c.,  are 
frequently  made  flat  for  reasons  of  necessity  or  convenience, 
although  that  form  is  not  well  adapted  to  bear  the  heavy 
internal  pressure  to  which  they  are  usually  subjected;  the 
calculation  of  the  strength  is  therefore  a  matter  of  some  im- 
portance. We  may  And  the  strength  of  the  whole  bottom  by 
taking  a  portion  of  it,  say  a  strip  in  the  direction  of  a  diameter, 
1  inch  wide,  and  having  found  the  strength  of  that  by  the 
ordinary  rules  for  beams,  then  multiplying  the  result  by  the 
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iiiiuber  of  bucIi  strips  in  the  n^bole  circnmrorencs  will  give  the 
Htrengtb  of  the  whole. 

(364.)  Lot  Fig.  82  be  a  vessol  3  feet  internal  diameter  with 
a  pliun  flat  bottom  1  inch  thick : — wo  have  then  a  bar  A,  B, 
1  inch  deep,  1  inch  wide,  S  feet  Xoog,  Jixed  at  both  ends  and 
loaded  oqnally  all  over  by  the  pressure  of  tho  water.  By 
colTuun  5  of  Table  66,  the  vulue  of  Mt  =  2063  lbs.  in  tho  centre 
when  the  bar  is  merely  supported  nt  the  ends,  but  when  fixed  at 
tho  ends  and  loaded  eqnally  all  over,  as  in  our  eaBo,  tho  ratio 
given  by  (431)  ia  3,  hence  Mi  boecmee  2063  x  3  =  6189  lbs., 
snd  rule  (334)  gi»cs  1'  X  1  x  6189  -^-  3  =  2063  lbs.  spread 
equally  all  over.  Now,  a  circle  36  inches  diameter  has  a  cir- 
comforenco  of  113  inches,  and  as  each  of  our  imaginary  beams 
ucanpies  lieo  iaches,  namely  aa  inch  at  each  end,  wo  huve  113 
-^  3  =  56'5  such  beams  in  the  whole  bottom,  and  the  break- 
ing weight  of  the  whole  number  will  be  2063  x  66 '5  = 
116560  lbs.  This  load  being  dietribnted  all  over  an  area  of 
lOlR  square  inches  gives  116560  -r-  1018  =  114  lbs.  preBanre 
per  square  inch,  or  114  x  2-3  =  262  feet,  the  height  of  the 
column  of  water  which  would  burst  the  vesael.  An  air-veBscI 
is  exposed  to  more  or  Icea  violent  shocks  from  the  alternating 
action  of  the  pumj),  &c. ;  it  is  therefore  expedient  to  adopt  a 
high  Factor  of  nafety  ('.*24)  for  such  cases,  say  10,  hence  the  safu 
working  pressure  would  be  262  -^  10  =  26'2  feet  of  water. 

(365.)  It  may  be  objected  to  this  method  of  calculation,  that 
we  have  reckoned  on  the  strength  of  the  material  at  the  centre, 
or  where  the  bars  cross  each  other,  twice  over  or  more ;  but  this 
is  not  the  fact.  Taking,  for  instance,  the  two  Inrs  A,  B,  and 
0,  D,  in  Fig.  82,  at  rig)it  angles  to  each  other,  it  will  be  observed 
that  the  longitudinal  filaments  which  form  the  strength  of  A,  B, 
are  not  at  all  strained  by  loading  C,  D,  because  the  tilaments  of 
the  latter  fumi  another  scries  at  right  angles  to  those  of  the 
former;  and  tho  same  reasoning  applies  to  all  the  imaginary 
beams  of  which  the  bottom  is  composed. 

(366.)  "  Bolloma  of  Square  Vesiele." — In  applying  this 
method  of  calculation  to  the  bottoms  of  square  vessels  some 
modifications  are  necessary.  Let  Fig.  83  be  a  square  vessel 
with  a  bottom  1  inch  thick,  &c. : — we  have  as  before  on  imaginary 
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bar  1  inch  square  and  3  feet  long,  with  a  breaking  load  of 
2063  lbs.  distributed  all  over,  and  if  all  the  imaginary  beams  of 
which  the  bottom  is  composed  were  allowed  to  deflect  alike,  and 
therefore  to  be  equally  strained,  we  should  have  2063  X  36  X 
2  =  148536  lbs.  as  the  total  breaking  load.  But  it  will  be 
observed  that  from  the  conditions  of  the  case,  this  equality  of 
strain  is  not  realised,  for  while  the  beams  E,  F,  and  G,  H,  have 
equal  and  great  deflections,  the  beam  I,  J,  will  deflect  very  little, 
being  prevented  from  doing  so  by  the  beam  E,  F,  the  fibres  of 
both  beams  being  interlaced  with  one  another.  It  will  be  thus 
seen  that  between  the  edges  where  the  deflection  is  nothing,  to 
the  centre  where  it  is  a  maximum,  we  have  a  series  of  beams 
with  a  progressively  increasing  deflection.  The  mean  deflection 
of  the  whole  series  of  beams  is  §rds  of  the  maximum  central 
deflection,  hence  the  bottom  will  bear  §rds  only  of  the  strain 
we  calculated  before,  or  148536  x  2  -f-  3  =  99024  lbs.  distri- 
buted over  an  area  of  36  x  36  =:  1296  square  inches,  or  99024 
-r-  1296  =  76  lbs.  per  square  inch.  Hence  the  ratio  of  the 
strength  of  round  to  square  bottoms  is  114  -7-76  =  1  •  5  to  1  •  0. 
For  plain  unribbed  flat  bottoms  of  round  and  square  vessels, 
we  have  the  rules : — 


(367.)  For  Round  Vessels  p 
(368.)  „  „         h 

(369.)  For  Square  Vessels  p 
(370.)  „  „         h 


e  X  148390 
e  X  342780 
^  X  99010 
^  X  228720 


d\ 


In  which  t  =  the  thickness  of  the  plate  in  inches ;  d  =  inside 
diameter  in  inches ;  S  ==  side  of  square,  inside,  in  inches ;  p  = 
bursting  pressure  in  pounds  per  square  inch ;  and  h  =  head  of 
water,  bursting  pressure,  in  feet.  Thus,  for  a  vessel  40  inches 
diameter  1^  inch  thick,  rule  (368)  gives  2-25  x  342780  -7- 
1600  =  482  feet  of  water  bursting  pressure,  or  with  Factor  10, 
=  48*2  feet  working  pressure,  &c.     See  (961). 

(371.)  "  Btbhed  Bottoms " — The  same  reasoniDg  may  be 
applied  to  a  flat-bottomed  vessel,  with  strengthening  ribs  inside 
or  outside ;  with  cast  iron,  and  an  internal  pressure,  the  ribs 

p 
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fibould  alnajs  be  inside  for  the  same  rctiBon  that  o  X  section 
girder  should  ho  brokeo  flango  dowuwanlB  (3-12),  the  raet«l  of 
the  bottom  plate  beiug  theu  bronght  into  tensioo.  With  oiternal 
prcasurt],  the  ribs  sbonld  be  external  for  tha  same  renaon.  ^^ 

Say,  we  have  a  veseol  3  feet  diameter  tvith  ribs  cMt  inside  aB<  ^M 
in  Fig.  84  ;  wo  may  take  the  central  port,  or  the  rib  a,  and  its  ^ 
pro|>er  sliare  of  tbti  bottom  plat«,  namely,  from  ti  to  <*,  as  tha 
index  of  the  strength  of  the  whole  bottom.  We  have  then  in 
cficct.  a  girder  of  the  section  given  by  Fig.  B5,  3  feet  long,  fixed 
at  the  enda,  and  loaded  all  over.  The  volueof  Mr  foi*  tbiscose  , 
ire  fonnd  in  (364)  to  be  6189  lbs.,  and  by  the  method  of  caloo- J 
latiou  explained  in  (342),  we  have  to  calcolate  &om  the  Unsil 
N,  A,  and  we  have  for  the  vortical  web  4'  x  1  =  1 6  ■  0 ; 
the  bottom  flajigo  (5'  -  4')  X  9  =  81,  tho  sum  of  tbe  I 
=  97,  and  rule  (324)  gives  97  x  6189  -^S  =  200000  Iba.  ] 
spread  all  over.  The  circle  36  inches  diameter  has  a  circnm'  ' 
ference  of  113  inches,  and  as  each  beam,  like  Fig.  85,  occupies 
18  inebcR,  namely,  9  iiiclioa  at  each  end,  we  have  113-^18 
=  6-28  of  such  beams  in  tbe  whole  circumference,  which  will 
bear  collectively  200000  x  6-28  =  1256000  lbs.,  diBtributed 
over  an  area  of  1018  square  inches,  or  1256000  -^  1018 
=  1233  lbs.  per  square  inch  bursting  pressure.  With  10  for 
the  Factor  of  safety,  we  obtain  1233  -^  10  =  123  lbs.,  or 
123  X  2  ■  3  =  283  feet  of  water,  safe  working  pressure. 

(372.)  As  an  illustration  of  the  effect  of  placing  the  ribs 
injudiciously  outside  instead  of  inside,  we  have  in  Fig.  86  the 
same  girder  oe  in  Fig.  85,  but  in  a  reversed  position.  Then 
calculating  as  before,  but  from  tbe  line  N.  A.  we  have  for  the 
top  flange  1*  x  9  =  9  ;  for  the  vertical  web  (5''  -  1^)  X  1  =  24 ; 
the  sum  of  the  two  =  9  +  24  =  33,  whereas  in  the  other  posi- 
tion we  had  97.  The  strengths  iu  the  two  positions  will  bo  in 
the  ratio  of  those  numbers,  and  without  going  through  the  whole 
calculation  again,  we  obtain  for  the  safe  working  pressure  283  X 
33  -^  97  =  96  feet  of  woter,  instead  of  283  feet  aa  with  internal 
ribs :  the  ratio  being  97  -^  33  =  2-  94.  or  nearly  3  to  I  (343). 

(373.)  "  WTouijht  Iron  and  Steel."— With  very  tough  and  duc- 
tile materials,  such  as  wrought  iron,  there  is  great  difficulty 
and  UQcertaiuty  in  determining  the  ultimate  ot  breaking  weight 
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of  a  bar  loaded  transversely.  A  beam  of  cast  iron  or  timber 
breaks  more  or  less  suddenly,  and  the  breaking  point  is  thus 
usually  well  defined ;  but  it  is  impossible  literally  to  break  a 
beam  of  really  good  tough  wrought  iron,  and  it  is  difficult  to 
say  with  what  load  the  bar  breaks  down  completely. 

But  if  the  deflections  of  a  bar  of  wrought  iron  or  steel  under 
a  series  of  progressively  increasing  loads  be  very  accurately 
observed,  and  the  results  are  plotted  in  a  diagram,  as  in 
Figs.  210,  211,  it  will  be  found,  as  with  the  tensile  and  com- 
pressive strains  in  the  diagram.  Fig.  215,  that  up  to  a  certain 
point  the  elasticity  is  almost  perfect,  that  is  to  say,  the  deflec- 
tions are  almost  exactly  proportionate  to  the  loads,  and  the  per- 
manent set  almost  inappreciable  imtil  that  point  is  reached, 
when  the  deflections  and  sets  (757)  begin  to  increase  very 
rapidly,  showing  that  the  material  is  beginning  to  be  crippled 
or  over-strained.  It  will  also  be  observed  that  beyond  that 
point  the  deflections  and  sets  increase  rapidly  with  time,  even 
with  the  same  load.  Now,  the  Diagram,  Fig.  215,  shows  that 
both  for  the  tensile  and  compressive  strains  the  *' limit  of 
Elasticity  "  is  about  12  or  13  tons  per  square  inch,  and  as, 
by  Table  1,  the  mean  ultimate  strength  of  wrought  iron  is 
25  *  7  tons,  it  would  appear  that  the  ^*  limit  of  Elasticity  "  is  half 
the  ultimate  strength  for  25*7 -^2  =  12*85  tons  per  square 
inch.  Applying  that  ratio  to  the  Diagram  for  the  transverse 
strain,  Fig.  210,  we  find  that  the  '<  limit  of  Elasticity,"  or  the 
point  beyond  which  the  bar  would  begin  to  be  crippled,  is  about 
1720  lbs.  as  indicated  by  a  *,  with  which  Bule  (327)  gives 
(1720  X  6-75)  -^  (1*027^  X  5*51)  =  2000  lbs.  as  the  value  of 
Mt  for  the  limit  of  Elasticity :  then,  admitting  that  to  be  half 
the  ultimate  or  breaking-down  strain,  the  value  of  Mt  for  the 
latter  =  4000  lbs. 

(374.)  This  result  is  confirmed  by  the  experiments  of  Mr.  E. 
Clark  on  three  bars  of  wrought  iron,  Ij^  inch  square  and  3  feet 
long,  in  Table  70.  With  Mt  =  2000  lbs.,  Rule  (328)  gives 
W  =  1^3  X  2000 -i- (3  X  112)  =20*1  cwt.  as  the  *'Hmit  of 
Elasticity,"  and  col.  4  shows  that  up  to  that  point  the  deflections 
are  nearly  in  simple  proportion  to  the  weights,  as  due  with 
perfect  elasticity.    But  as  the  load  is  increased,  the  Eatio  of 

p  2 
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the  defleetione  riBee  moro  and  more  rapidly,  until  with  41'9 
cwta.  it  becomee  as  mucb  h6  5-H5  iucbes,  or  13-13  limes  the 
nonnAl  aiaouat,  BhowiDg  that  practically  the  strongth  of  thebu 
is  hFokeD-doam,  oltliough  the  bar  may  not  be  ncttially  broken. 
With  Mr  =  4000  IbB.,  Rule  (328)  gives  W  =  1}'  x  4000-^ 
(3  X  112)  =  40-2  ewta.  Breaking-down  weight,  which  agrees 
with  the  eiperiineutal  results  in  Table  70. 

We  may  tbcreforo  admit  for  plain  bora  of  Wronght-iron 
Mt  =  4000  lbs.  for  the  Breaking-down  weight;  2000  lbs.  for 
the  "Limit  of  Elasticity,"  and  1330  lbs.  for  the  safe  Working 
dead  load. 


Table 

70- 

Of  Hie  Meak  DEiaKcnoH  of  3  Babh  of  Wbougmt 
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(375.)  When  wrought  iron  is  rolled  into  X,  I,  and  L  sections, 
the  properties  of  the  material  are  somewhat  changed ;  it  would 
appear  that  the  maltreatment  experienced  by  being  crushed  ioto 
these  forms  damagea  the  fibrous  texture,  as  proved  by  the  fact 
that  it  breaks  eltortcr  or  more  suddenly  than  plain  rectangular 
sections.  The  transverse  strength  of  such  iron  is  also  consider- 
ably less  than  tliat  of  plain  bars,  na  shown  by  the  cijiorimentB 
in  Tablo  71,  which  give  3208  lbs.  as  the  mean  value  of  Mt- 
All  these  bars  were  loaded  to  their  ultimate  strength;  two  of 
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tbem  were  literally  broken^  and  it  will  be  observed  tbat  tbese 
gave  tbe  maximum  and  minimum  values  of  MT^tbe  former  being 
3720  and  tbe  latter  2750  lbs. ;  tbe  mean  of  tbe  two  =  3235  lbs., 
or  nearly  tbe  mean  of  tbe  six  experiments,  wbicb  was  3208  lbs. 

For  rolled  J_  and  X  bars,  plate-iron  girders,  and  tubular 
beams,  we  may  take  tbe  value  of  Mt  =  3200  lbs.  for  tbe  break- 
ing-down weigbt,  1500  lbs.  for  tbe  *'  limit  of  Elasticity  "  and 
Proof  Strain,  and  1120  lbs.  for  tbe  safe  working  dead  load. 

It  is  remarkable  tbat  taking  3200  lbs.  for  tbe  Ultimate  trans- 
verse strengtb,  tbe  Rule  (500)  or  (639)  gives  3200  X  18  -r- 
2240  =  25*7  tons  for  tbe  maximum  idtimate  tensile  strain, 
wbicb  bappens  to  be  precisely  tbe  mean  strengtb  of  British  bar 
iron  by  Table  1,  &c. 

(376.)  " Sted"— The  transverse  strengtb  of  steel,  like  tbat 
of  wrougbt  iron,  may  be  determined  most  satisfactorily  by  a 
Diagram,  as  in  Fig.  211,  wbicb  sbows  tbat,  up  to  1450  lbs.,  tbe 
elasticity  is  almost  perfect.  Taking  tbat  as  tbe  "  limit  of 
elasticity,"  we  bave  5600  lbs.  or  2^  tons  as  tbe  value  of  Mt9 
witb  wbicb  Rule  (328)  becomes  W  =  l-054»  x  5600-^4-5 
=  1457  lbs.,  and  is  indicated  by  a  *  on  tbe  diagram. 

Then,  for  tbe  value  of  Mt  for  the  breaking-down  load,  we 
have  tbe  experiments  of  Mr.  Fairbaim,  in  Table  107,  the  mean 
of  which  =  6663  lbs.,  or  say  3  tons  =  6720  lbs. 

We  may  therefore  take,  as  the  value  of  Mt  for  Steel  bars, 
6720  lbs.  or  3  tons  for  tbe  breaking-down  weight ;  5600  lbs.  or 
2^  tons  for  the  "  limit  of  elasticity  "  or  "  Proof  strain ; "  and 
say  8360  lbs.  or  1^  ton  for  the  safe  working  dead  load. 

SPECIAL   RULES   FOB   WROUGHT  IRON. 

(377.)  "  Wroughtrinm  J.  and  T  Beams'' — The  resistances  of 
wrought  iron  to  tensile  and  crushing  strains,  and  the  correspond- 
ing extensions  and  compressions  are  nearly  equal  to  one  another 
up  to  12  or  13  tons  per  square  inch,  as  shown  by  Table  91  and 
Diagram,  Fig.  215.  The  transverse  strength  of  ±  bars  might, 
therefore,  be  calculated  by  the  ordinary  rules  in  (323)  or  (510) 
bat  for  the  fact  that  the  great  ductility  of  the  metal  causes  it  to 
have  bat  little  stifibess  under  compressive  strains,  so  that  a  thin 
rib  becomes  undulated  or  wrinkled  with  a  strain  very  much  less 


WROnGHT-IRON    T    DKAMB.  " 

Table  71.— Of  the  SraESOTn,  Sc,  of 
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than  tbo  cnieliuig  streiigth  of  tbe  niotal.  Thns,  wiiilc  as  the 
Diagram  showa,  u  plain  solid  bar  will  bear  about  13  tons  per 
square  incli ;  a  thin  plato  may  fail  by  wrinkliug  with  6  tons  or 
leas.  Special  nilec,  there  fun',  ht^eome  nceessary  whci'o  a  thin 
plato  or  rib  occurs,  as  in  tubular  beams  of  plate-iron  (405)  and 
in  JL  sections,  and  this  arises,  not  becauBC  of  the  inherent  neak- 
nesB  of  wrought  iron  in  resisting  cruBhing,  but  from  its  tendcney 
to  fail  by  wrinliling. 

Tubular  beams  of  plate-iron  are  frequently  mode  of  large 
dimensions,  and  ore  extesBivcly  used  for  the  most  imjwrtout 
structurCB.  The  calculation  of  their  strength  on  csact  princi- 
ples becomes,  therefore,  highly  necessary ;  the  Wrinkling  Btrain, 
by  which  that  strength  is  potentially  governed,  is  considered 
at  lat^  (^1^)  i^  Chapter  IX.,  and  the  results  arc  applied  to 
such  beams  in  (406),  &c.  But  for  ordinary  X  and  I  sectioUH, 
it  will  suffice  to  give  Empirical  rules  by  which  the  strength  may 
be  calculated  with  sufficient  precision  for  practical  purposes. 

(378.)  The  best  rule  we  can  give  ia  to  calculate  D'  x  B  from 
the  edge  of  that  part  of  the  section  which  is  subjected  to  tension, 
or  from  tbo  bottom  in  the  case  of  a  beam  supported  at  both 
ends  and  loaded  in  the  usual  way.  This,  it  will  he  obserred, 
is  just  the  reverBe  of  the  mode  of  calculating  Cast-iron  beams 
(341). 

Fig.  87  is  the  section  of  a  beam  (No.  5  in  Table  71)  which. 
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Wbouoht-ibon  X  Beams,  flange  uppermost. 


Value  of 
Mt 


lbs. 
3237 
3278 
3052 

• 

3720 
3215 
2750 
8208 


GalcnUted 
Safe  Load. 

Deflection  with 
Safe  Load. 

By  Ex- 
periment. 

ByCal- 
cnlation. 

cwta. 
5-8 
2-93 
53 

•263 
•713 
•526 

•174 
•441 
•571 

7*73 
4-64 
9-3 

•251 
•645 
•662 

•197 
•548 
•456 

•  • 

(10) 

■  • 

(11) 

(12) 

Deflection  per  Cwt.  for  Bar 
1  Foot  long. 


By 
Experiment. 


0003776 
"0004752 
•0000933 

■0001506 
0001390 
0000712 

(13) 


By 

Calculation. 


•000240 

000294 

-000108 

000118 
•000118 
•000049 

•  • 

(14) 


No. 


1 
2 
3 

4 
5 
6 

•  • 

(1) 


with  a  length  of  10  feet  between  bearings,  failed  with  14  cwt.  in 
the  centre.  The  flange  being  uppermost,  and  under  compres- 
sion, we  must  calculate  from  the  hoUom  of  the  section  or  from 
the  line  N.  A.;  then  D^  x  B  becomes  for  the  rib  2J»  x  |  =  1'9; 
and  for  the  top  flange  (2^^  -  2^')  x  2^  =  2  •  975.  The  sum  of 
the  two  =  1-9  +  2-975  =  4-876,  hence  with  3200  lbs.  for  the 
value  of  Mt,  the  rule  (324)  becomes  4-875  X  3200 -r-  10  = 
1560  lbs.  breaking  weight :  experiment  gave  14  cwt.  or  1568  lbs., 
as  in  col.  6  of  Table  71. 

In  the  reversed  position,  or  flange  downwards,  as  in  Fig.  88, 
we  have  still  to  calculate  fron^  the  bottom  of  the  section  or  from 
the  line  N.  A.,  and  for  the  bottom  flange  we  have  ^'  X  2} = 0  *  156 ; 
for  the  vertical  web  (2^*  -  J«)  x  f  =  2  •  32.  The  sum  of  the 
two  =  2-476,  and  we  obtain  2-476  x  3200  -r-  10  =  792  lbs. 
breaking  weight,  or  about  half  the  strength  in  the  other  position, 
which  we  calculated  to  be  1560  lbs. 

(379.)  Table  72  gives  the  safe  or  working  load  for  Standard 
sizes  of  wrought-iron  T  beams,  the  application  of  which  is  very 
simple.  Thus,  say  that  we  require  the  central  safe  load  for  a 
bar  4  X  4  X  f  inch  thick,  with  a  length  of  12  feet ;  the  Table 
gives  156  cwt.  for  1  foot  long ;  hence  156  -7-  12  =  13  cwt.  for 
12  feet  long.    The  deflection  by  the  rules  (697)  for  this  safe 

load  would  be  Sg  = 1 =  •846  inch:  for  a  load  spread 


wBoccBT-mos  T 


©quttUy  all  over  wo  shoTild  haye  26  cwt,,  nnil  -846  X  10-^8 
=  1  -06  inch  d^ection,  &c, 

AgiuD,  sa;  thai  we  rcqnire  a  bar  to  cany  20  cwt.  in  the  oentre 
with  a  length  of  TJ  feet:— this  is  eqnal  to  20  X  7-5  =  150 cwt 
with  a  length  of  1  foot,  for  which  Table  72  giTcsSI  X  SJ  X^inch, 
or  4  X  4  X  J  inch.  These  ai»  the  sizes  for  a  ilcad  load ;  with 
a  moviog  or  rolling  load  we  should  require  double  strength,  or 
«ay  300  cwt.  for  1  foot  long,  and  the  bar  eboold  thon  be,  say 
5  X  5  X  i  inch. 

Taslc  72. — Of  the  Trakbveksb  Stbksoth  of  Wbouoht  T  Beahs 
1  fcul  loDg,  flange  nppermmt. 
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(380.)  The  KtrtiDgth  of  the  bar  4  x  4  x  ,  inch  in  the  nonnnl 
pofiition  T  is  given  by  Table  72  at  156  cwt.  i— in  the  roverBcd 
position  X,  the  bottom  flange  would  give  5^'  x  4  =  ■  56 ;  the 
vertical  web  (4'  -  |')  x  |  =  5  ■  94  ;  the  sum  of  the  two  =6-5, 
and  taking  the  yalne  of  Mj  for  safe  load  in  cwts.  (375)  at  9-5, 
we  obtain  6'5  x  9'5  =  62  cwt.  breaking  weight;  hence  the 
ratio  of  strength  in  the  two  poeitions  is  156  H- 62  =  2-5  to  1-0, 
and  this  may  bo  taken  ae  a  general  ratio  for  all  the  bars  in 
Table  72.  The  variations  in  the  position  of  bar,  distribution  of 
load,  &c.,  arc  rather  confusing;  the  following  statement  gireB 
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the  general  Batios  of  loads,  and  actual  safe  loads  of  a  bar 
4  X  ^  X  f ,  12  feet  long : — 


Ratio  of 
Load. 

Load, 
cwta. 

Normal  position    T,  dead  load  in  centre 

1-0      .. 

13 

„                "T,  distributed  dead  load  .. 

2-0      .. 

26 

„                T,  Eolling  load 

1 

6-5 

Reversed  position  X,  dead  load  in  centre 

f    •• 

5-2 

„                X,  distributed  dead  load  .. 

4 

10-4 

„                X,  Rolling  load 

I 

2-6 

(381.)  "  WroughUron  I  5eaww."— The  strength  of  rolled 
beams  with  double  flanges  may  be  calculated  on  the  same  prin- 
ciples as  those  of  X  and  T  section.  Figs.  89,  90  are  sections  of 
two  wrought-iron  beams  experimented  upon  by  Mr.  Fairbaim. 
Fig.  89  sunk  with  12,955  lbs.  in  the  centre;  the  length  between 
bearings  being  11  feet.  Calculating  from  the  bottom  as  before 
(378),  the  reduced  value  of  D^  x  B  becomes  for  the  top  flange 
(7*-  6^)  X  2J  =  32-5 ;  for  the  vertical  web  (6«  -  -38*)  x  "325 
=  11'7;  and  for  the  bottom  flange,  -38*  X  4  =  0-576.  The 
sum  of  the  whole  =  44-776,  which  with  Mt  =  3200  lbs.  (375) 
and  rule  (324)  becomes  44-776  x  3200 -r- 11  =  13,026  lbs., 
which  is  i  per  cent,  only  in  excess  of  12,955  lbs.,  the  experi- 
mental weight. 

Fig.  90  sunk  with  18,962  lbs.  in  the  centre,  the  length  between 
bearings  being  10  feet.  Calculating  from  the  bottom  as  before, 
the  bottom  flange  gives  '44^  X  4*3  =  *83;  for  the  vertical  web 
(7«  -  •44«)  X  -35  =  17-08;  and  for  the  top  flange  (8'  -  7*) 
X  2|  =  41  -  25.  The  sum  of  the  whole  =  59  - 16,  with  which 
the  rule  (324)  becomes  59  •  16  x  3200  -MO  =  18931  lbs.,  which 
is  only  0*17  per  cent,  less  than  18,962  lbs.,  the  experimental 
weight.     See  (673)  and  Table  109  for  the  Deflections. 

(382.)  These  results  show  not  only  the  accuracy  of  the  method 
of  calculation,  but  also  the  correctness  of  Mt  =  3200  lbs.  derived 
from  T  bars  (375)  as  applied  to  X  sections.  Both  beams  are 
described  as  yielding  by  lateral  flexure  of  the  top  flanges  under 
compression,  although  their  areas  were  much  greater  than  those 
of  the  respective  bottom  flanges.    As  shown  in  (445),  with 
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vTOUgbt-iron  betLiiui,the  flanges  salijectod  to  compressioii  elioold 
hayo  considerable  teidih,  to  enable  them  to  resist  flexure  laterally, 
and  this  is  eepcciall;  nccessar;  whore  the  length  of  the  beam  is 
great. 

(383.)  These  rolled  beams  are  now  made  of  large  sizes,  and 
ore  doserredlf  used  nxten naively.  In  Table  73  arc  givea  the 
sizes  of  the  most  nsefal  seetious  supplied  by  TOrious  makers; 
col.  14  gives  the  safo  working  loads  for  beams  1  foot  long 
between  bearings,  from  which  the  load  for  any  length  may  be 
easily  found.  Thus  with  No.  7,  which  is  8|  inches  deep,  the 
safo  dead  load,  with  a  length  of  12  feet,  would  be  706  ^  12  = 
fiQcwt,;  orforamoTingloBd'29jcwt.(923).  Again:  say  we  require 
a  beam  to  carry  a  dead  load  of  20  cwt.  with  a  length  of  14  foe^ 
which  is  equivalent  to  20  x  14  =  280  cwt.  with  a  length  of 
1  foot,  for  which  No.  4,  C^  inches  deep,  279  cwt.  would  be  used. 

The  deflectioHH  may  be  found  by  (674)  and  by  col.  13  in  the 
same  Table: — thus  with  Gl  cwt.  in  tbe  centre,  No.  7,  12  feet 
long  would  deflect  -000001486  X  12'  x  61  =  -1814  inch. 
With  20  cwt.  in  the  centre.  No.  4,  15  feet  long  deflects 
-000006351  X  15'  X  20  =  -34  inch,  Ac. 

(384.)  "  Plale-iron  Girders."  —  The  investigation  of  the 
strength  of  plate-iron  girders  may  be  effected  most  easily  by 
analysis  from  elementary  principles  with  the  known  tensile  and 
crushing  strengths  of  the  material,  in  the  manner  illustrated  for 
plain  rectangular  sections  in  (494).  By  Table  1,  the  mean 
tensile  strength  of  plate-iron  ie  21  ■  6  tons  per  square  inch ;  and 
by  (201)  the  mean  cruRhing  strength  =^  19  tons,  the  ratio  being 
as  8  to  7,  which  will  bo  the  ratios  of  the  areas  of  the  top  and 
bottom  ffanges  also. 

(385.)  Let  Fig.  93  be  the  section  and  Fig.  91  the  elcTatioa  of 
a  girder,  say  20  feet  or  240  inches  long  between  bearings,  loaded 
in  the  centre,  and  30  inches  deep,  but  the  effective  depth,  or  that 
at  the  centres  of  gravity  of  the  top  and  bottom  sections  may  be 
taken  at  29  inches  (449).  This  will  evidently  be  equivalent  to 
a  cantilever  of  half  the  length  or  120  inches,  built  into  a  wall  at 
one  end  and  loaded  at  the  other  with  Iialf  the  central  load,  as 
in  Fig.  92 : — but  it  is  necessary  to  temember  here  that  in  a  beam 
supported  at  both  ends  and  loaded  in  the  centre,  the  lower  part 
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of  the  aoctioa  is  Hubjecicd  to  tenBion  aai  tbe  upper  piut  to  com 
preesion.  la  a  cantilever  loaded  in  liic  usual  maDner  thie  i 
just  reversed : — to  preveDt  coofuetou,  tliitrefoK',  wu  have  in 
Fig.  92  taken  tho  weight  &e  actiug  lipieardg  by  nit^iis  of  a.  pullej, 
thus  eliminating  that  difficulty,  and  restoring  the  normal  condl- 
tione  with  a  boom  eupportod  at  both  ends  and  loaded  in 
centro, 

Tho  top  and  bottom  flanges  in  Fig.  93  occupy  tho  position  of 
fulerum  and  rosistauco  to  quo  another  reciprocally,  tho  strength 
may  tborofore  be  found  from  one  of  tbem,  say  tbe  bottom. 
bave  first  to  find  the  reduced  or  net  area  of  the  bottom  by  dodnot- 
ing  the  metal  cut  away  by  tbe  rivets,  or  by  taking  tho  area 
through  tbe  Hue  of  riTct-holea : —  tbe  rivets  being  f  inch  diameter, 
the  area  of  tho  bottom  plate  =  (12  -  1^)  x  J  =  8-06  square 
incboH.  If  wo  admit  that  the  port  of  tho  middle  neb  between 
the  two  (vuglt^-irons  compensates  for  one  pair  of  rivet-hoIcB 
(which  is  very  nearly  the  fact),  we  shall  have  for  tbe  area  of 
the  two  anglo-iroB6|3  +  2J)  -  ||  x  J  X  2  =  4-875  square 
inches.  The  sum  of  tho  two  areas  =  8-06  +  4'875  =  12-935, 
say  13  square  inches. 

Theu,  the  tensile  strength  of  plate-iron  being  21-6  tons  per 
square  inch  by  Table  1,  tbe  resistance  of  the  bottom  becomes 
13  X  21-6  =  280-8  tons,  and  the  leverages  being  29  and  120 
inches  respectively,  as  in  Fig-  92,  we  have  at  tbe  end  of  tbe 
10-foot  cantilever  280-8  x  29  -^  120  =  67-86  tons  breaking 
weight,  equivalent  to  67-86  X  2  =  135-72  tons  in  the  centre  of 
our  beam,  20  feet  long, 

(386,)  It  is  shown  in  (404)  that  tbe  breaking  weights  of 
girders  of  similar  or  nearly  similar  sections  are  in  tbe  ratio  of 
tbe  respective  areas  of  their  bottom  Qonges,  multiplied  by  the 
depth,  and  divided  by  tbe  length:  hence  we  have  the  rules: — 

(387.)  W=   A  xD    X    C-^L. 

(388.)  A=.(Wx  L)-;-(DxC). 

(389.)  D  =  (W  x  L)  -^  (A  X  C). 

(390.)  C  =  (W  X  L)  4-  (A  X  D). 
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In  which  W  =  the  central  load  on  the  heam  in  Ihs.,  tons,  &c., 

dependent  on  the  terms  of  C. 
A  =  the  area  of  the  bottom  plate  and  angle-irons,  in 

square  inches. 
D  =  the  depth  in  inches  or  feet. 
L  =  the  length  between  supports  in  the  same  terms 

as  D. 
C  =  a  constant  adapted  to  the  particular  materials, 
&c. ;  for  plate-iron  Girders  =  76  tons. 
It  will  be  expedient  to  take  for  A,  the  groea  area  of  the  bottom 
(making  no  deduction  for  rivet-holes),  and  for  D,  the  total  depth 
(449).  The  value  of  C,  as  adapted  to  those  conditions,  may 
then  be  found  by  rule  (390),  taking  W  as  found  by  analysis  or 
as  given  by  direct  experiment. 

(391.)  Thus,  the  gross  area  of  the  bottom  plate  in  Fig.  93, 
=  12  X  J  =  9,  and  of  the  two  angle-irons,  (3  +  2^)  X  ^  X  2 
=  5*5 ;  the  sum  being  9  +  5*6  =  14*6  square  inches.  Then, 
the  breaking  weight  W  as  found  in  (385)  being  135*72  tous, 
rule  (390)  gives  C  =  (135-72  x  240) -^  (14-5  x  30)  =  74-88, 
say  75. 

The  rule  (387),  namely  W  =  A  x  D  x  C  -f-  L,  is  the  well- 
known  one  given  by  Mr.  Fairbaim,  the  value  of  C  as  given  by 
him  being  80  for  tubular  beams,  and  75  for  ordinary  flanged 
girders,  the  latter  having  precisely  the  value  that  we  found  for 
it  by  an  altogether  independent  method. 

(392.)  We  must  now  consider  the  top  flange,  in  connection 
with  which  there  are  three  points  requiring  attention : — 1st,  to 
see  that  the  area  is  sufficient  to  bear  the  crushing  strain : — 2Dd, 
that  the  breadth  is  sufficient  to  prevent  failure  by  lateral  flexure ; 
and  3rd,  that  the  thickness  is  sufficient  to  prevent  "  Wrinkling.*' 
The  area  which  has  to  sustain  the  crushing  strain  is  really 
the  (fross  area,  for  the  material  lost  at  the  rivet-holes  is  replaced 
by  tiie  rivets,  which  being  put  in  and  riveted  while  hot,  effec- 
tually fill  the  holes  and  restore  the  section  to  its  normal  condition 
so  far  as  compressive  strains  are  concerned : — but  of  course  this 
does  not  apply  to  tensile  strains,  for  which  the  net  area  at  the 
rivet-holes  must  be  taken. 

(393.)  The  gross  area  of  the  top  plate  =  12  x  f  =  9  square 
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inches,  and  of  the  two  angle-iroDs  (3  -(-  2^)  x  7  X  2  =  5 '  5  ;  the 
total  bciug  9  4-  6'5  =  14 "6  aqnare  iachoe,  which  having  to 
BUdtuD  tbo  Bamo  maximnm  total  etrain  as  ve  found  for  tha 
bottom  (385),  namely  280-8  toBB,giYeB  280 -8-5- 14 -5  =  10-37 
tons  per  Miuare  inch,  which  is  rather  in  excess  of  10  tons  (384), 
but  is  new  enough  for  the  pnrpuse. 

(394.)  Then,  for  rosistancci  to  ktcrol  fluinro.  It  is  ebown  in 
(448)  that  this  tendency  ie  a  mnsimam  with  frds  of  the  length 
of  the  top  plate,  the  compression  strain  being  then  ^rd  of 
the  masimam  central  strain :— thus  in  oni  case,  this  length 
=  20  X  5  =  13-3  feet,  and  the  strain  2808  X  J  =  93-6  toos. 
Wo  have,  therefore,  Tirtiially  a  pillar  12  x  'i  inches  forced  to 
bend  in  the  direction  of  its  larger  dimonslons,  with  a  length  of 
13-3  foot,  and  wc  can  calculate  the  strength  by  the  Rule  (234), 
F=  Mp  X  C*  X  6-=- l-',or 72-74  X  640  X -75  ^170-9  =  107-3 
tona,  or  more  than  doable  93  -  6  tons,  the  real  strain ;  there  ia 
therefore  no  danger  of  failure  by  lateral  fiexure. 

(HKi.)  As  ti.  Wrinkling,  it  is  sliown  in  (317)  that  in  a  girder, 
a  plate  ^  inch  thick  supported  at  one  side  will  not  fail  by 
wrinkling  with  loss  than  19  tons  per  sqnare  inch,  unless  the 
plate  projects  5^  inches  or  more  beyond  tho  support; — in  our 
case  tho  projection  beyond  the  angle-iron  =  2|  inches  only, 
hence  there  is  no  fear  of  failure  by  wrinkling. 
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These  calcnlatioiis  apply  to  the  centre  of  the  girder,  where 
the  Cmshing,  htteral,  and  Wrinkling  strains  are  a  maximum. 

(396.)  "  Graduation  of  Strains:'— It  is  shown  by  (682)  and 
Fig.  155,  that  in  a  girder  with  a  central  load  the  Tensile  and 
Compressiye  strains  in  the  bottom  and  top  flanges  respectively, 
are  a  maximum  at  the  centre,  and  diminish  in  arithmetical  ratio 
towards  the  end  supports,  where  they  become  nil.  Thus 
dividing  the  half-length  into  say  8  equal  parts,  and  reckoning 
from  one  support,  we  have  Tensile  and  Compressive  strains  in 
the  ratio : — 

012  3  45  678 

and  if  the  top  and  bottom  flanges  are  parallel  or  of  uniform 
breadth  throughout  their  length,  the  thickness  to  resist  the 
tensile  strains  would  follow  the  same  ratio,  and  if  1-inch  thick 
is  necessary  at  the  centre,  we  should  have  a  graduated  series  of 
thicknesses  of: — 

Oii  fit  fi        1-inch. 

But  to  resist  the  Wrinkling  strains,  the  resistance  following  the 
1^  power  of  the  thickness  (315),  as  given  by  Table  74,  the 
thickness  will  follow  the  1^  root  of  the  strain  as  given  by 
Table  75  ;  hence  in  our  case  we  must  have  thicknesses  in  the 
ratio : — 

0        1      1-587      208      2-52      2924      3-302      366      40 

and  if  in  order  to  resist  the  maximum  Wrinkling  strain  at  the 
centre,  a  thickness  of  1  inch  is  required,  we  should  have  a 
graduated  series  of  thicknesses  = 

0       -25      -393      '52        63        -731         -826        -915      1-inch. 

(397.)  In  this  way  we  might  find  the  point  between  the 
centre  and  the  end  of  a  girder  where  any  given  thickness  would 
be  required  to  avoid  wrinkling,  supposing  that  the  thickness  at 
the  centre  is  sufficient  as  calculated  by  the  Bules  (307),  our 
present  purpose  being  only  to  graduate  the  thicknesses  from 
centre  to  end,  so  that  the  tendency  to  fail  by  Wrinkling  shall 
be  the  same  throughout. 

Thus  for  a  girder  20  feet  long,  the  half-length  =:  10  feet; 
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theu  the  thickncBB  in  the  centre  lieing  1  inch,  or  eight  Sths, 
it  may  bu  rodncod  hy  Table  7i  to  7,  or  J  inch,  at  a  dist&ncu  of 
10  X  18-6 -r  22-6  =  8-2  foet  from  the  end:  to  6,  or  J  inch, 
at  10  X  14-7-^22-6  =  6-5  feet:  to  5,  or  S  inch, at  10  x  11-2 
-r  22-6  -  5  feet;  to  4,  or  J  inch,  at  10  X  8-^22-6  =  3-5 
feet:  to  3,  or  g  inch,  at  10  x  S-2 -^  22-6  =  2-3  foet:  to  2,  or 
J  inch,  at  10  X  2- 8-^22- 6  =  1-24  foot:  and  to  1,  or  ^  inch, 
at  10  X  l-?-22-6  =  -45  foot:  tho  lengths  and  thicknesses  for 
equal  Wrinkling  Bti-ains  in  Fig,  94  have  been  obtained  in  this 
way :  Fig,  95  gives  the  thicknesses  for  equal  <rushing  strains. 

Wo  hara  thus  given  the  theoretical  thicknesses  for  the  sake  of 
illuBtrating  principles ;  but  it  is  not  expedient  in  practice  to 
use  very  thin  plates  of  wrought  iron :  where  a  structure  is 
exposed  to  the  weather  more  particularly,  a  considerable  extra 
thickness  is  necessary  to  allow  for  the  wear  of  tho  elements, 
irrespective  of  that  required  to  bear  the  strain  :  in  most  cases 
plates  less  than  \  inch  thick  would  not  be  used  in  practice. 

(398.)  The  central  thickness  might  be  maintained  through- 
out, and  the  strength  duly  propoi-tioncd  to  the  strain  by  reducing 
the  hreadfk  of  the  flanges  from  the  centre  to  the  ends ;  but  this 
would  increase  the  labour  and  cost  of  manufacture  to  an  est*nt 
that  would  not  be  compensated  by  the  saving  of  material.  The 
question  of  lalwur  in  making,  militates  very  mnch  against  any 
method  by  which  the  strength  may  he  graduated  in  proportion 
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to  the  strain,  and  for  that  reason  the  top  and  bottom  flanges  of 
small  girders  are  usually  made  of  the  same  breadth  and  thick* 
ness  throughout  the  length.  With  large  girders,  however,  the 
value  of  the  material  bears  a  higher  proportion  to  the  labour, 
and  it  is  commercially  expedient  to  economise  by  graduating 
the  sizes  in  proportion  to  the  strains. 

(399.)  It  is  shown  in  (315)  that  the  resistance  to  Wrinkling 
per  square  inch  is  proportional  to  the  square-root  of  the  thick- 
ness or  V<,  but  the  total  resistance  in  the  ratio  ^/ 1  X  t,  or  t^'^. 
Therefore  the  thickness  necessary  to  bear  a  given  wrinkling 
strain  will  be  proportional  to  the  1^  root  of  the  strain :  Tables 
74  and  75  have  been  thus  calculated. 

(400.)  "  Vertical  Weh** — The  continuous  plate  forming  the 
web  of  a  girder  is  in  effect  an  infinite  number  of  diagonals 
similar  to  those  of  a  lattice  girder,  but  at  infinitely  varied 
angles,  and  the  strains  may  be  the  most  easily  investigated  by 
that  analogy. 

The  first  thing  to  be  noted  is  that,  whatever  the  amount  of 
the  strain,  it  is  equal  throughout  the  length  of  the  beam,  when 
that  beam  is  loaded  in  the  centre  only ;  the  thickness  of  the  web 
will  therefore  be  the  same  throughout  for  that  particular  case, 
see  Figs.  136,  155.  For  this  reason  the  strain  on  the  diagonals 
is  small  compared  with  that  on  the  centre  of  the  top  and  bottom 
flanges,  which  suffer  an  accumulated  strain  from  leverage,  see 
Pig.  155. 

It  should  also  be  noted  that  the  web  alone  acts  directly  in 
sustaining  the  vertical  load,  because  whatever  the  strains  on 
the  top  and  bottom  flanges  may  be,  they  act  horizontally  only, 
and  must  sCct  indirectly  and  through  the  medium  of  the  vertical 
web  in  sustaining  the  vertical  load. 

(401.)  Taking  a  cantilever,  Fig.  96,  and  allowing  the  safe 
working  strain  to  be  5  tons  per  square  inch,  the  bar  A  carrying 
10  tons  must  be  10  -f-  5  =  2  square  inches  area  ;  the  diagonal 
B  carrying  a  tensile  strain  of  14  tons  must  be  14-7-5  =  2*8 
square  inches  area,  and  if  say  ^  inch  thick,  then  2*8-7-^  =  5*6 
inches  wide  measured  at  right  angles  to  its  own  axis,  or  in  the 
direction  C,  E.  Now,  if  we  would  convert  the  lattice  bracing 
into  a  continuous  web,  this  may  be  done  by  increasing  the 

Q 
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width  of  all  the  diagoimls  oxpoaed  to  tension  F,  G,  H,  B,  anltl 
Ihey  meet,  B  for  instance  being  tncTcttsed  to  a,  b,  and  H,  tu  c,  d, 
&t}.,  &c.  The  cross-seutionul  axea  being  lis  before  2 '8  square 
inchce,  and  the  width  a,  b  or  c,  d  17  inches,  the  thickneaa  | 
comt«  out  2'8~  17  =  -165  inch  only,  which  is  very  light: 
in  practice  it  would  perhaps  bo  mode  ^  inch.  In  eume  largs 
flangod  gii^ei'H  made  by  Ur.  Faii'baim  for  a  XUilway  bridge, 
which  the  length  was  67  feet  and  depth  ij  feet,  top  fiange 
18  X  ^>  &C;  tbo  Ttrticnl  web  was  only  |  inch  thick  in 
centre,  and  -,-'g  inch  at  the  ends  (M2^,  but  it  was  stiffened  bj  ] 
oovot^plates  at  all  the  vertical  joints,  which  were  3  feet  apart  I 
see  also  (927)  and  Fig.  133. 

(402.)  But  we  have  also  to  couaidot  the  compressive  strains  ] 
in  the  web  of  a  plate  girder,  for  it  will  be  observed  in 
lattice  girders,  that  while  a  sot  of  diagonals  is  subjected  to  | 
tensile  strains,  ouuther  and  similar  set  bear  cmshing  Btrains  j 
and  require  to  be  of  J.  section  (439)  to  resist  flexure.  It  mi^t  4 
iijtpear  at  firnt  Kight  tliiit  a  similar  form  would  >«;  iioceswiry  in 
the  web  of  a  plate-irim  girder,  which  as  a,  very  thin  plate  seems 
wholly  unfit  to  bear  a  heavy  crushing  strain.  But  if,  as  in 
Figs.  141, 155,  the  diagonals  under  compi'cssion  were  connected 
by  a  rivet  with  those  under  tensile  strain  by  which  they  ere 
crossed,  the  effect  would  be  to  reduce  the  length  of  tlie  pillar 
to  half,  and  as  by  (147)  the  strength  of  a  pillar  is  inversely 
proportioned  to  the  square  of  the  length,  the  strength  would  in 
that  case  bo  quadrupled.  Now  in  a  web,  we  have  an  infinite 
number  of  imaginary  diagouals  under  oompressiou,  whieh  are 
crossed  by  anotber  similar  series  under  tensile  strain,  and  the 
two  sets  being  in  effect  interlaced  and  interlocked  with  one 
another,  the  length  of  those  under  compressiou  is  reduced  in- 
definitely, BO  that  flexure  ur  wrinkling  is  impossible  even  with 
a  very  thin  plate.  We  have  therefore  to  consider  the  crushing 
strength  of  the  material  only,  and  as  the  tensile  and  crushing 
strengths  of  wrouglit  iron  are  practically  ei^ual  to  one  another, 
it  follows  that  the  area  which  we  found  necessary  to  bear  the 
former  (401)  will  suffice  for  the  latter  also. 

(403.)  "  Shearing  Strain  at  Ends  of  Girders."— It  is  absolutely 
essential  that  plate-iron  girders  with  a  vertical  web  of  the  usual 
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light  description,  should  be  well  strengthened  at  the  ends  where 
they  rest  on  the  supports,  to  prevent  the  web  doubling  up  under 
the  vertical  strain  that  it  has  to  bear,  which  in  most  cases,  even 
when  the  load  is  a  central  one,  amounts  to  half  that  load  plus 
half  the  weight  of  the  girder  itself.  With  a  rolling  load  it 
may  be  a  great  deal  more  than  that ;  in  extreme  cases  it  may 
amount  to  the  whole  load  plus  half  the  weight  of  the  girder. 
Obviously  the  thin  plate  of  the  web,  say  ^  or  even  f ,  inch  thick, 
Fig.  133,  could  not  bear  such  a  strain  as  that,  without  the 
assistance  of  vertical,  angle,  or  J.  irons;  usually  the  latter 
would  be  used,  and  as  they  are  strained  as  pillars,  their  sizes 
may  be  determined  by  the  rules  in  (634),  or  by  Table  82. 

(404.)  Table  76  gives  the  strength  and  stifi&iess  for  certain 
standard  sizes  of  plate-iron  girders  whose  proportions  are  given 
by  Figs.  101  to  107.  Thus,  the  girder  Fig.  103,  2  feet  deep, 
and  say  30  feet  long,  will  break  by  coL  5  with  1665  -7-  30  =  55  *  5 
tons  in  the  centre : — the  safe  dead  load  may  be  taken  at  55  *  5  -^  3 
=  18*5  tons,  with  which  the  deflection  by  col.  6  and  (674) 
would  be  18-5  X  -0000007606  x  27000  ='-88  inch.  With  a 
load  equally  distributed  all  over  the  length,  we  should  have 
had  18*5  X  2  =  37  tons,  with  which  the  central  deflection 
would  have  been  by  col.  7  in  the  Table,  37  X  '  0000004754  x 
27000  =  •  475  inch,  &c. 


Table  76.— Of  the  Strength  and  Stiffness  of  Wbougbt  Plate- 
iron  Girders,  1  foot  long. 


Figs. 

Area  of  Plates  and 
Angle-irons. 

Rednced 
Effective 

Breaking 
WHirht 

Deflection  per  Ton. 

Top. 

Bottom. 

Depth.      In  Centre. 

Weight  In  Centre. 

Weight  all  over. 

101 
102 
103 
104 

105 
106 
107 

(1) 

240 
18-5 
13^0 
11-2 

8^5 
71 
5-3 

(2) 

20-5 

15^5 

11^1 

9-5 

7-5 
6-2 
4-6 

(3) 

inches. 
34 
28§ 
23 
17 

14 

lU 

8i 
(*) 

tons. 
4612 
2906 
1665 
1068 

703 
465 
259 

(6) 

•0000001885 
•0000003514 
•0000007606 
•000001621 

•000003090 
•000005513 
•00001355 

(6) 

•0000001178 
•0000002195 
•0000004754 
•000001013 

•000001931 
•000003446 
•000008470 

(7) 

Q  2 
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(40S.)  "  Tubular  Beavu  of  P/n/e-iVon."— The  Btronglh  of  a 
tnbulnr  bfflin,  like  tliat  of  every  otter  etmctnre,  is  limited  by 
tLe  Btrength  of  the  wonkeet  part,  thie  is  ueunlly  the  top  plate, 
which  is  dno  to  the  tendency  of  thin  plates  of  wrought  iron  to 
fail  by  WrinUiiig  with  a  strain  mnch  less  than  the  cmshing  or 
tcQEilc  Btiength  of  the  materiftl.  This,  however,  is  not  nniver- 
eally  the  case,  hut  depends  on  the  relative  dimtjusions  of  the  pistes 
sahjected  to  tension  and  comprcgsiou  respectivoly.  For  euunple, 
with  No.  1  in  Table  77,  tho  top  snd  bottom  plates  have  eqaal 
areas,  they  have  also  the  some  total  load  to  carry,  occupying  as 
they  do  the  position  of  fulcrum  and  resistance  to  one  another 
reciprocally.  But  while  the  bottom  will  bear  21  ■  6  tons  per 
square  inch,  namely,  the  mean  tensilQ  strength  otplale  iron  by 
Table  1,  the  top  will  fail  by  wrinkling  with  18*38  tons  per 
square  inch,  ae  shown  by  col.  (11):  the  top  l*ing  tho  weakest 
will  therefore  govern  the  strength  of  the  beam.  The  thickness 
of  the  bottom  plate  might  in  this  cose  be  reduced  to  |  x  18'S6 
-^  21-  6  =  -0382,  or  about  ;  inuh,  without  at  all  affecting  the 
strength  of  tho  beam : — both  plates  would  then  be  strained  in 
proportion  to  their  strength,  and  they  should  fail  einmltaneously. 
In  this  case,  in  order  to  obtain  equality  of  strength,  the  areas 
would  be  in  tho  ratio  of  C  to  5. 

(40C.)  The  rule  for  calculating  the  strength  of  tubular  plate- 
imn  beams  must  therefore  include  the  Wrinkling  Strain  as  a 
fimdaniental  datum ;  the  ordinary  rules  in  which  that  is  neglected 
will  not  give  correct  results.  Thus,  taking  as  an  example  No.  1 
in  Tablo  77,  whose  section  is  given  by  Fig.  97,  taking  the  value 
of  Mt  from  col.  6  of  Table  C6  at  1-786  ton,  Kule  (330)  gives 

{3_5^5^xJ4)       -     

35-75 

tons;  hut  by  col.  8,  the  experimental  breaking  weight  =  118 
tons ;  hence  214  4- 118  =  1  ■  81,  or  an  error  of  +  81  per  cent, 

(407,)  A  still  more  striking  illustration  would  be  given  by 
the  very  thin  tube  No,  12  in  Tahlo  77.  with  which  Hule  (330) 

=  24  tons ;  but  by  col.  8,  the  cspcrimcntal  breaking  weight 
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=  6 ' 7S  tons  only  ;  buDce  ihe  calcnlated  Btrength  is  24-^  5-78 
=  4*16  times  the  experimental  1 

Tbeso  illnstrotions  show  that  the  ordinary  rnles  which  may 
be  t'Oirect  for  very  thick  platos  which  fail  by  crughing  aro  DOt 
correct  for  thin  plates  wliich  fail  by  WrinkU7ig. 

(408.)  The  first  step  as  a  basis  for  correct  calculation  of  the 
strength  of  Tubular  Beams  with  thin  pliites  is  to  find  the 
Wrinkling  strain  by  the  Rule  (308),  which  for  beams  is  W,  = 
V«~4-~''w  X  104,  or  in  our  case  ^j  4-'2l  x  104,  or 
V~03I25  X  104,  or  -17677  x  104  =  18-38  t^ns  per  square 
inch,  col.  11.  Having  thus  foimd  the  n-rinkling  strain,  and 
supposing  it  not  to  eiceed  the  crushing  strength,  or  19  tons  per 
square  inch  (201),  we  may  take  it  as  equivalent  to/in  rule  (514), 
and  may  then  calculate  the  strength  of  the  )>eani  by  that  rnle, 
which  in  onr  cose  becomes 

18-38  X  2  X  {35-75'  X  24)  -(84-25*  x  22*5} 

^  ^  3"xli40ir3.W5 

=  122'5  tons,  as  in  col.  9  of  Table  77  ;  esperimcnt  gave  118 
tons  as  in  col.  8;  hence  122-5— 118  =  1-038,  showing  an  error 
of  +  3-8  per  cent,  only,  as  in  col.  10. 

To  vary  the  illustration  wo  may  take  No.  11  in  the  same 
Table,  whose  section  is  given  by  Fig,  98.  For  the  wrinkling 
strain,  the  rule  (308)  bcconicfi  V^72"'^15-5  x  104,  or 
y^0l755  x  104,  or  '1325  x  104  =  13-78  tons  per  square 
inch.     Taking  this  as  the  value  of/,  the  rule  (514)  becomes 

13-78  X  2  X   (23-75*  x  15-5)  -  (23-206'  X  14-956} 

w  = L . . 1 

3  X  360  X  23-75 
=  22-29    tons:   experiment   gave   23-33    tons,  col.  8;   henee 
22 ■29-^-23-33  =-056,  giving  1-0  --956  =-044,  or  an  error 
of  —  4-4  per  cent,  qb  in  col.  10, 

(409.)  In  some  cases  the  wrinkling  strain  comes  ont  in  escesa 
of  the  absolute  crushing  strength  of  the  material,  or  19  tons  per 
square  inch  (201),  and  of  course  it  will  not  be  realised,  the 
metal  failing  by  crushing;  in  that  case  wo  must  take  /  =  19 
tons,  whatever  the  wrinkling  strain  nay  be.  An  illustration  of 
this  is  given  by  Nob,  7  and  8,  in  Table  77,  whose  section  is 
shown  by  Fig.  99 ;— the  rule  (308)  gives  W„  =  /^75-M6-5 
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X  104  =  22*17  tons  per  square  inch,  as  in  col.  (11),  which 
being  in  excess  of  19  tons  must  be  rejected ;  and  the  value  of/ 
being  taken  as  19  tons,  the  rule  (514)  becomes 

19  X  2  X  (24«  X  16-5)  -  (22-76»  x  16} 

W  =  ^ ^^ — ^, ^  =  68-2  tons: 

3  X  360  X  24 

experiment  gave  54*82  tons;  hence  58*2  4-54-82  =  1*062, 
or  an  error  of  +  6  *  2  per  cent.,  col.  14.  Obviously,  if  we  had 
erroneously  taken  22*17  tons,  the  error  would  have  been 
greater,  the  breaking  weight  coming  out  58  *  2  x  22  *  17  -7- 19  = 
67*91  tons,  giving  67*91 -r  54*82  =  1  •  24,  or  an  error  of  +  24 
per  cent. 

(410.)  The  cols.  9,  10,  and  11  of  Table  77  have  been  calcu- 
lated throughout  in  this  manner: — ^the  general  result  shown 
by  col.  10  is  that  the  sum  of  all  the  +  errors  is  58,  and  of  all 
the  —  errors  is  83,  giving  on  16  experiments  an  average  of 
(83  -  58)  -7- 16  =  1  •  56,  or  -  1  *  56  per  cent.  (959).  The  greatest 
+  error  =  21*8,  and  the  greatest  —  error  =  24*9  per  cent., 
thus  showing  nearly  an  equal  range ;  and  it  should  be  observed 
that  this  range  of  error  may  possibly  be  due  to  the  natural 
variation  in  the  strength  of  the  material: — thus,  taking  the 
simple  tensile  strength  of  plate-iron,  where,  of  course,  the  case 
is  not  complicated  by  possible  errors  in  the  rules,  &c..  Table  149 
shows  a  variation  of  +  29  and  —  33  per  cent  respectively. 
The  range  in  the  dimensions  of  the  beams  is  worthy  of  note ; 
the  extreme  sizes,  or  those  of  Nos.  2  and  16,  are  shown  by 
Fig.  100,  and  it  should  be  observed  that  the  errors  of  these  two 
sizes  differ  but  little  from  one  another,  being  —  0  *  7  per  cent 
in  the  largest  (No.  2),  and  —  2  *  3  per  cent  in  the  smallest 
(No.  16). 

Extreme  cases  are  crucial  tests  of  the  accuracy  of  any  rules, 
and,  as  we  have  seen,  the  roles  we  have  given  bear  that  test 
satisfactorily.  Other  illustrations  of  the  different  methods  of 
calculating  tubular  beams  are  given  in  (320),  (412),  (414). 

(411.)  It  is  shown  in  (405)  that  there  should  be  equality  in 
the  resistances  to  tension  by  Uie  bottom,  and  compression  by  the 
top  of  a  tubular  beam,  and  failing  that,  the  weaker  of  the  two 
will  govern  the  strength  of  the  beam.  With  most  of  the  beams 
in  Table  77  the  top  is  the  weaker,  but  in  Nos.  7,  8,  9,  and  10 
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the  bottom  is  the  weaker,  nnd  »houI^  govern  the  strongth,  bnt 
dooB  not  seem  to  do  bo.  For  esamplc,  witli  No.  9,  the  wrinkling 
strain  by  col.  11  is  17 '33  toua  ptr  equare  inch,  hooca  17*32 
X  '437  X  15'75  =  119-2  tons,  thu  resiBtance  to  cumpreBsion : 
bnt  for  the  bottom  we  have  21-G  x-272  x  16-76=  92-54 
tons  only  as  th<i  resiBtoncij  to  teuidou.  In  cuL  9  the  etrength, 
OS  cfilcnlfltod  from  the  reaistante  of  the  top  plate,  came 
y3'74  tons,  the  error  being  only  +  0'3  per  cout.  Now,  if  the 
strength  wore  dominated  by  the  bottom,  as  it  ebonid  be  by 
theory,  wc  obtain  33-74  x  93-54 -M19-a  =  2G- 19  tons  only, 
an  error  of  —  22-15  per  oent. 

(412.)  We  should  obtain  a  result  but  little  more  satls&ctory 
by  analysis,  as  in  (320),  (414),  &o.  Let  Fig.  108  be  a  eocUoB 
of  tbe  some  beam  reduced  to  the  case  of  a  cantilever  of  half  the 
length  fixed  at  ono  end  and  loaded  at  tbo  other,  as  in  Fig.  92 ; 
the  Neutral  axis  will  not  now  be  In  the  centre,  bnt  must  occupy 
such  a  position  as  to  give  eqnali^  to  the  reeistoaoes  of  tension 
and  comprcRsion.  Wo  must  aPBiimc  a  position  for  it  by  judg- 
TMCiit,  Fay  ns  in  tho  fipiiru:  for  tho  to]i  \A»h-  wo  fonml  in  (111) 
119-2  tons,  which  with  leverages  of  11-182  and  180  ihehea 
gives  at  W,  119-2  X  11-182-^180  =  7-40G  tons.  Then,  for 
the  sides  above  tho  lino  N.  A.,  the  maximum  strain  at  the  top 
being  17-32  tons  per  square  inch,  that  at  o  becomes  17-32 
X  5'482H-  11-4  =  8-329  tone.  Tho  area  is  10-903  x-544 
=  5-964  square  inches;  hence  5-964  x  8-329  x  5-482  x  i 
—  180  =  2-OlG  tone  at  W,  which  added  to  tho  rcsistanco  of 
the  top  plate  =  7-40G  +  2-016  =  9-422  tons  at  W  due  to 
compression  alone. 

Similarly,  for  the  part  of  the  section  subjected  to  Tension,  we 
have  forthe  bottom  plate  15-75  x  '272  x  21-G  x  12'214-M80 
=  6*277  tons  at  W :— the  strain  at  j>  is  21  -  6  X  6  -  039  .^  12  -  35 
=  10-56  tons  per  square  inch,  which  at  W  becomes  10-56 
X  -272  X  2  X  6-039  x  1-333-^180  =  3-106  tons,  giving  for 
the  total  resistance  to  tension  6  -  277  -f-  3  -  lOG  =  9  -  380  tons  at  W, 
which  is  rather  less  than  9  -  422  tons  due  to  compression,  but  is 
sufficiently  noar  equality  for  our  purpose.  Tho  sum  of  Tension 
and  Compression  is  thus  9-380  -(-  9-422  =  18-802  tons  at  W, 
and  is  equivalent  to  18-802  x  2  =  37-6  tons  in  the  centre  of 
the  beam  30  feet  long :  experiment  gave  33  -  64  tons,  hence  tho 
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error  is  37-6 -r  33-64  =  1-117,  or  +  11-7  per  cent.  By  rule 
(614)  the  error  was  +0*3  per  cent,  only,  as  in  col.  10. 

It  is  remarkable  that  the  rule  (514)  by  which  col.  9  of 
Table  77  is  calculated,  which  is  based  on  the  value  of/,  or  the 
wrinkling  strain,  and  is  therefore  not  strictly  applicable  to 
beams  which  fail  by  tension,  gives,  notwithstanding,  more 
correct  results  than  any  other  rule : — the  mean  error  of  Nos. 
7,  8,  9,  and  10  being  +  2-7  per  cent.  only. 

(413.)  '^XcUeral  Strength  of  Beams.** —In  designing  large 
Tubular  beams  for  bridges,  <&c.,  it  is  necessary  to  consider  and 
provide  for  the  lateral  strain  due  to  the  wind  impinging  on  the 
side.  The  proportions  of  beams  are  usually  fixed  principally 
with  a  view  to  sustain  a  vertical  load,  and  as  a  result  they  are 
frequently  very  weak  in  resisting  horizontal  pressure.  With 
a  view  to  obtain  experimental  information  on  this  matter,  Mr. 
Hodgkinson  took  the  beam.  No.  10  in  Table  77,  which  in  the 
ordinary  vertical  position  broke  with  a  load  of  26  -  6  tons,  and 
laid  it  on  its  side,  as  in  Fig.  109,  when  it  failed  with  14*8  tons. 
In  this  abnormal  position  the  whole  of  the  conditions  are  so 
greatly  changed,  that  the  strength  cannot  be  calculated  cor- 
rectly by  the  usual  rule  (408)  for  Tubular  beams ;  thus,  in  our 
case,  the  wrinkling  strain  of  the  thin  top  plate  by  the  rule  in 

(308)  becomes  V  •  125  -f-  24  x  104  =  7  •  505  tons  per  square 
inch,  and  the  rule  (514)  then  gives 

7-505  X  2  X  {l63  X  24)  -  (15-753  x  23-384} 

^  ^  ^3"x~360"xX6 

=  6  •  028  tons  only,  whereas  experiment  gave  14  -  3  tons.  But 
this  rule  supposes  that  the  beam  is  of  the  ordinary  form  and 
proportions,  and  that  the  strength  is  governed  by  the  resistance 
to  wrinkling  or  by  /,  but  obviously  the  proportions  might  be 
such  that  the  wrinkling  strain  would  have  little  effect  on  the 
strength :  for  example,  in  Fig.  110  the  great  strength  of  the  side 
plates  a,  h  render  them  independent  of  the  weak  top  plate  o,  and 
the  rule  which  takes  thai  plate  as  the  exponent  of  the  strength 
of  the  whole  beam  must  necessarily  fail  to  give  correct  results. 
(414.)  The  best  method  of  calculating  a  beam  of  such  an 
abnormal  form  is  by  analysis,  as  illustrated  in  (320)  and  (412). 
We  shall  assume  that  the  top  plate  fedls  by  wrinkling  witJi 
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7  ■  6  tons  per  squaro  inch,  as  calcnlatod  iu  (413).  and  tho  bottom 
plato  with  210  tons,  mimcly,  tbe  mean  tonailo  strengtU  oi  plaU 
iron  as  given  by  Table  1.     Theo,  for  the  aides,  wo  ehaU  take 
the  maximum  toneile  strain  at  T  and  compressive  strain  at  0 
=  21-6  tons  per  square  inch  alao :  the  neutral  axis  N.  A.  mart 
then  be  placed  in  such  a  position  ilb  to  give  equality  to  the 
tensile  oni]  oompressive  forces  abore  and  b^low  that  line  roapeo- 
tivoly,  and  this  position  must  bo  filed  tentatively  by  judgment.   | 
Beduciug  the  case  for  the  pur]Kisoa  of  calculation  to  the  equivft-  1 
lent  one  of  a  cantilever  of  half  tho  length  of  the  beam  ficed-l 
at  one  end  and  loaded  at  tlio  other,  as  in  Fig.  92,  we  obtain  j 
the  dimensions  given  by  Fig.  109.     For  the  top  plate  we  obtaia  \ 
24  X  ■  125  X  7-5=:  22- 5  tons,  which  with  the  loveragesof  9-438 
and  ISOinehesreapoctively,  gives  22-5  x  9-438 -M80  =  1-18 
ton  at  W.     Then  for  that  part  of  the  side  plates  above  S.  A., 
the  stniin  of  21-6  tuns  at  C  becomes  21-6  X  4-S88-i-9-5 
=  10-66  tons  per  square  inch  at  o,  and  tiieir  area  being  9-37C 
X  -016  =  i5-775  wiUiir.'  inchua,  with  leverapes  of  4-688  and 
180  inches  gives  at  W,  5-775  x  5  X  4-688 -M80  =  2-137 
tons  for  the  sides  (495),  making  with   that  due  to  the   top 
1-18  +  2-137  =  3-317  tons  from  compression  alone. 

Similarly,  for  the  Ijottom  plate,  wo  obtain  24  x  "125  X  21-6 
=  6-48  tons,  which  at  W  becomes  6-48  X  0-438  -M80  = 
2-318  tons.  The  strain  at  p  becomes  21-6  x  3-188  -^  6-5 
=  10-59  tons  per  square  inch.  Then  6-375  x  -016  x  J 
X  10  ■  59  -^  180  =  ■  982  ton  at  W  dnc  to  the  sides,  making  a  total 
of  2-318+  -982  =  3-3tons  duo  to  Tension,  or  nearly  the  same 
as  3'317  t<ms  due  to  compression.  The  sum  of  the  two  =  3*3 
+  3-317  =  6-G17  tons  at  the  end  of  the  cantilever  15  feet 
long,  equivalent  to  6-617  X  2  =  13-234  tons  in  the  centre  of 
the  beam  30  feet  long,  as  in  our  case:  exj)crimont  gave  14*3 
tons,  hencu  13-234-^14-3=  -9255,  showing  on  error  of 
I'O  -  -9255  =  -0745,  or  -  7-45  per  cent.  Considering  tho 
extremely  abnormal  form  of  the  beam  in  this  position,  the  error 
is  perhaps  not  greater  than  might  bo  expected. 

(415.)  It  will  be  observed  that  we  have  taken  the  full  tensile 
strength  of  the  iron,  allowing  nothing  for  rivet-holes,  Ac,,  on 
the  supposition  that  there  is  no  joint  at  or  near  the  centre  of 
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the  beam,  where  the  strain  is  a  maximam.  With  small  and 
moderate-sized  beams  this  condition  is  easily  obtained,  and  with 
large  structures  we  can  secure  practically  the  same  condition 
by  the  adoption  of  chain-riveting  (36). 

FOBM  FOB   EQUAL   STBENOTH  THBOUGHOUT. 

(416.)  We  have  so  far  assumed  that  the  beams  were  parallel, 
or  of  the  same  cross-section  from  end  to  end,  and  the  load  in 
the  centre.  In  that  case,  the  transverse  strain  is  a  maximum 
at  the  centre,  and  is  progressively  reduced  towards  the  two 
supports,  where  it  becomes  nothing ;  to  obtain  throughout  the 
length  an  equality  between  the  strain  and  the  strength  it  would 
be  necessary  to  reduce  the  section  of  the  beam  toward  each 
prop  in  proportion  to  the  strain  at  each  point,  which  can  be 
effected  by  regulating  the  depths  alone,  while  the  breadths 
remain  constant ;  or,  on  the  other  hand,  by  graduating  the 
breadths,  while  the  depths  remain  constant ;  or  by  a  combina- 
tion of  the  two  methods. 

Let  Fig.  Ill  be  a  beam  16  feet  long,  with  a  central  weight 
of  10,  producing  of  course  a  strain  of  5  on  each  prop :  this  is 
obviously  equivalent  to  a  cantilever,  Fig.  112,  of  half  the  length 
built  into  a  wall  at  one  end,  and  loaded  with  a  weight  of  5  at 
the  other  end.  The  ratio  of  the  strains  at  each  point  along  the 
beam  is  evidently  proportional  to  the  leverage  with  which  the 
load  of  5  acts,  or  to  the  distances  1, 2,  3  . .  8,  &c.,  as  in  Fig.  112, 
and  as  by  (324)  the  strength  is  proportional  to  D'  when  the 
breadth  is  constant,  it  follows  that  D  must  be  proportional  to  the 
square-roots  of  the  respective  strains,  orVl  =  l;  V2  =  1'41; 
V3  =  1*73,  &c.,  as  in  the  figure,  these  being  of  course  propor- 
tional, and  not  real  dimensions.  We  have  thus  obtained  the 
depths  in  Fig.  112,  which  again  give  us  the  depths  in  Fig.  111. 

(417.)  If  we  would  obtain  a  uniform  depth  throughout,  as  in 
Fig.  113,  which  again  is  equivalent  to  the  cantilever,  Fig.  114, 
the  breadths  being  simply  proportional  to  the  strains,  the  latter 
being  1,  2,  3,  4,  &c.,  the  former  will  be  1,  2,  3,  4,  &c.,  also,  and 
we  thus  obtain  Fig.  115,  giving  a  uniform  taper  from  the  wall 
to  the  end,  and  from  this  we  obtain  Fig.  116. 
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To  applythis  to  practice :— Let  Fig.  117bo  a  beam  oi  Beech, 
14  inckoa  deep,  10  iuches  wide,  and  12  fe«t  long,  wliicli  l>y  mlo 
(324)  witU  Mt  =  585  by  Tuble  CC  breaks  with  U^  X  10  x  558 
-i-  12  =  91U0  lbs.  in  the  centre.  The  square  of  the  depth  at 
each  point  being  proportional  to  the  distuuco  of  that  point  from 
the  nearest  prop  as  shown  by  (416),  and  that  at  6  foot  being 
14  inches,  we  haTe  14'  ~  6  =  3'  27,  a  constant,  which  mnlti- 
plied  by  the  dietance  of  each  point,  will  give  the  square  of  th^' 
depth  at  that  point,  thus : — 


At  A  we  get 
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We  thna  obtain  the  depths  in  Fig.  117,  the  breadth  being  10 
inches  throughout.  If,  on  the  other  hand,  wc  maintain  the 
depth  at  14  inches  throughout,  the  breadth  would  taper  off 
uniformly  from  10  inches  at  the  centre  to  nothing  at  the  props, 
as  in  Fig.  116. 

(418.)  It  may  seem  anomalous  that  the  size  at  the  end  should 
be  nothing,  whereas  a  strain  of  45,670  lbs.,  or  half  the  central 
weight,  has  to  be  borne  by  it;  but  we  have  been  considering 
the  trangverm  strain  only,  which  is  really  ni7  at  G ;  tbo  strain 
of  45,570  lbs.  is  a  gkcaring  or  cross-strain,  and  must  be  provided 
for,  but  is  a  matter  quite  foreign  to  the  proper  subject  of  this 
chapter  (123);  see  (403). 

(419.)  "  Load  out  of  Cenlre." — Having  thus  found  the  forms 
of  beams  with  a  single  central  load,  we  may  proceed  to  consider 
1st,  the  effect  of  a  single  load  out  of  tbe  centre ;  and  2Dd,  of 
two  or  more  loads  variously  distributed.  In  order  to  give  pre- 
cision to  the  investigation  we  will  take  a  case,  say  that  of  a 
beam  of  Beech  12  inches  square  and  16  feet  long ;  taking  tlie 
value  of  Mi  from  col.  6  of  Table  66  at  -25  ton,  the  rule  (324) 
gives  for  a  central  load  12^  X  12  X  '25 -j- 16  =  27  tons  breaking 
weight,  OS  in  Fig.  118. 
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The  central  breaking  weight  being  thus  found,  we  require 
let,  the  extent  -to  which  that  same  weight  would  strain  the 
parallel  beam  if  placed  at  a  given  point  out  of  the  centre,  and 
2nd,  the  breaking  weight  at  any  other  point  in  the  same  parallel 
beam. 

(420.)  A  weight  placed  anywhere  on  a  beam  divides  the  whole 
length  into  two  imaginary  lengths — equal  if  in  the  centre,  un-  . 
equal  if  elsewhere — and  when  the  weight  is  constant  the  strain 
produced  by  it  at  each  point  is  proportional  to  the  product  of 
those  two  imaginary  lengths,  and  will  be  found  to  be  a  maximum 
when  the  load  is  in  the  centre.  Thus  in  Fig.  118,  with  27  tons 
in  the  centre  the  beam  is  divided  into  two  equal  8-foot  lengths, 
the  product  of  which  is  8  x  8  =  64;  now  if  that  load  of 
27  tons  is  removed  to  4  feet  from  one  prop,  therefore  12  feet 
from  the  other,  as  in  Fig.  119,  the  product  becomes  4  X  12  =  48, 
and  the  beam  is  strained  at  A  to  ^ths  only  of  the  breaking 
weight  at  that  point.  Hence  the  breaking  weight  there  would 
be  27  X  64  -4-  43  =  36  tons.  Calculating  in  this  way  we  have 
obtained  the  ratios  in  col.  4  of  Table  104  and  in  curve  C  of 
Fig.  213,  which  give  the  equivalent  load  out  of  the  centre 
corresponding  to  a  central  load  of  1  *  000. 

(421.)  For  general  purposes  perhaps  a  simpler  course  is  to 
find  a  reduced  or  imaginary  length  to  be  used  in  the  ordinary 
rules  in  (323),  &c.,  instead  of  the  actual  length  as  for  central 
loads.  For  this  purpose : — divide  the  product  of  the  two  lengths 
into  which  the  load  divides  the  beam  by  ^th  the  actual  length, 
and  the  quotient  is  the  reduced  length  to  be  used  in  calculation. 
Thus  in  Fig.  119  we  have  4  x  12  4-  (16  -f-  4)  =  12  feet :— then 
with  this  reduced  length,  the  rule  W  =  d/^  x  h  x  Mt-t-L 
becomes  in  our  case  12*  x  12  X  '25  -r- 12  =  36  tons,  as  before.. 
The  same  result  would  have  been  found  by  using  the  ratios 
64  to  48  as  in  (420)  ;  for  16  x  48  -^  64  =  12  feet,  the  reduced 
length,  &c. 

(422.)  The  contour  of  the  beam  in  elevation  may  now  be 
found  as  in  (417),  the  breadth  being  12  inches  throughout,  by 
making  the  square  of  the  depth  proportional  to  the  distance 
from  the  props,  but  so  that  the  depth  at  A  shall  be  12  inches. 
Thus  from  A  to  £  we  have  four  divisions : — then  12'  -7-  4  s  36 
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IB  a  constant  which  multiplied  by  the  distunco  of  encfa  point  E, 
D,  0,  B,  A  from  A  in  Fig.  120  will  give  the  sqnara  of  the 
depth  at  that  point. 
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Similarly  from  E  to  Q  we  hfivo  12  divisions,  hcnco  12'  -^  12 
=  12  iij  B  constant  which  multiplied  by  the  distances  of  the 
points  F.  G,  &c.,  &c.,  from  Q  will  giro  the  square  of  the  deptli 
at  ench  point  from  E  to  Q. 
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We  have  thus  found  tho  depth  at  every  foot  in  the  length  of 
the  beam ;  for  ordinary  purposes  n  smaller  number  of  points 
would  have  sufficed,  at  least  between  E  and  Q,  hut  we  have  a 
special  purpose  in  view  presently  for  which  we  require  the 
depth  at  numerous  points. 

(423.)  "  Effect  of  Two  or  more  Loflrfg."— We  may  now  proceed 
to  consider  the  effiact  on  tho  furm  of  a  beam,  of  two  or  more 
loads  variously  distributed.  We  will  take  the  case  of  Pig.  122, 
where  wo  have  two  weights  each  of  36  tons,  both  being  i  feet 
&om  one  prop  and  12  feet  from  tho  other,  and  we  will  take  it 
first  as  composed  of  two  similar  beams,  as  in  Figs.  120,  121. 
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Obyionaly  Fig.  121  is  the  counterpart  of  Fig.  120,  and  if  we 
imagine  those  two  beams  placed  side  by  side,  as  in  Fig.  122,  we 
should  hare  a  compound  beam  that  would  fulfil  the  given  con- 
ditions. Now  in  the  beam  Fig.  122,  the  depth  squared  multi- 
plied by  the  breadth,  must  at  each  and  every  point  be  equal  to 
the  sum  of  the  depths  squared  multiplied  by  the  breadths  of 
the  corresponding  points  in  the  two  beams  Fig.  122,  which  are 
given  by  Figs.  120,  121.  The  breadths  of  all  the  beams  we  are 
considering  being  alike,  or  12  inches,  we  may  eliminate  h  and 
shall  deal  only  with  d\  Then,  the  square  of  the  depth  at  &  in 
Fig.  122  must  be  equal  to  the  sum  of  the  squares  of  the  depths 
at  B  in  Fig.  120  and  at  P  in  Fig.  121,  or  6«  +  3-5«  =  48-25, 

and  V48^25'=  6-95  inches,  the  depth  at  6  in  Fig.  122. 

(424.)  Calculating  in  this  way  we  obtain  the  depths  at  each 
foot  of  length  as  follows : — 

Inches. 
(B»  +  P« )V  or  (  6-0«  +    3-52)V  =    6*95  at  6  in  Fig.  122. 

(C«  +  0«)V  ,,  (  8-5«  +    4-9«)V  =    9-81  c 

(D«  +  N^'V  „  (10*4«  +    6-0«)V  =  12-00  d 

(E«  +  M«)V  „  (12-0«  +    6-92)V  =  13-85  e 

(F«  +  L»)V  „  (ll'5»  +    7-7«V  =  13-85  / 

(G«  +  K«)V  „  (ll'0»  +    8-5«)V  =  13-85  g 

(H«  +  J«  V  »  (10*4*  +    9-2»V  =  13-85  h 

(V    +  V  )J  „  (  9-8*  +    9-8«)V  =  13-85  t 

(J«   +  WU  .,  (  9-2*  +  10-4*V  =  13-85  ; 

(K»  +  G*)V  „  (  8-5»  +  11 -0*)^  =  13-85  k 

(L»  +  F*)V  «  (  7-7*  +  11-5*)V  =  13-85  / 

(M*  +  E*  V  „  (  6-9*  +  12-0*)V  =  13-85  m 

(N*  +  D*)V  „  (  6-0*  +  10-4*)V  =  12-00  n 

(O*  +  C*)V  „  (  4-9*  +    8-5*)V  =    9-81  o 

(P*  +  B*)V  ,.  (  3-5*  +    6-0*)V  =    6-95  p 

(Q*  +  A*)V  n  (  0-0*  +    00«)V  =    000  q 

It  will  be  observed  that  between  the  points  e  and  m  the  beam 
is  a  parallel  one,  and  it  is  curious  to  see  how  this  is  brought 
about  by  the  fact  that  the  sum  of  the  squares  of  the  depths  at 
the  corresponding  points  in  the  two  parabolas  in  Figs.  120,  121 
is  constant  between  those  points. 
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(425.)  The  analytical  method  of  investigation  aud  calculation 
adopted  in  the  above  may  be  laborious,  but  it  baa  two  groat 
advantages :  1st,  it  covers  and  includss  all  possible  cases,  of 
uif  nunibei  of  weights,  and  any  method  or  order  of  distribution, 
for  obviously  it  is  only  noooHsary  to  calculate  the  form  and  ] 
dimenBions  of  beam  for  each  weight  indcpcadontly,  and  then 
oomblno  them  in  tho  manner  we  have  iUuHtrated ;  2nd,  this  ] 
method  Las  the  great  advantage  of  altuwing  every  step  in  i 
process  of  calcnlatioD  to  bo  seen  by  the  operator,  and  the  J 
rationale  to  be  uaderstdod, 

Wo  have  applied  the  method  of  findiug  the  theoretical  forms  I 
to  (itHber  beams  for  convenience  of  illuetration:  for  that  material  | 
the  {larallel  form  woulil  almost  always  be  adopted  in  practioa  1 
from  motives  of  economy  of  labour,  &c. ;  the  saving  of  material  I 
which  would  accrue  from  the  adoption  of  the  tlicereticul  form  ] 
would  Dot  oompensato  fur  the  labonr  and  trooblo  reqnired  to  1 
obtain  it.  With  cast-  and  wrongbt-iron  beams  the  case 
different. 

(42G,)  "■Eqaalhj  DUtribiitcd  Load." — When  a  load  is  spread 
equitUy  all  ever  tho  length  of  a  beam,  it  may  l>e  considered  as 
divided  into  any  given  nurabor  of  eqiml  weights  equidistant 
from  eacli  other,  and  then  the  effect  of  each  of  these  imaginary 
weights  may  lie  separately  cnlciilatc'd.  Let  Fig.  125  be  a  beam 
16  feet  long  sujiported  at  each  end,  with  itx  load  divided  into 
IC  parts : — this  is  equivalent  to  a  cantilever,  Fig.  126,  of  half 
the  length  with  its  loatl  dividwl  inH)  8  parts,  and  wo  require 
1st  the  depth  at  the  points  a,  b,  r,  Ac,  the  breadth  being  con- 
staut,  and  2nd  we  require  to  tind  the  breadth  at  those  points 
when  the  depth  is  constant.  For  this  purpose  we  mURt  suppose 
each  weight  to  rest  on  tho  beam  at  two  iwints,  each  giving  half 
the  strain  due  to  the  whole  weight.  Thus  the  weight  W  being 
1  ■  0  will  give  a  pressure  of  J  at  a  and  ^  at  ii ;  then  tho  weight  w 
being  also  1  ■  0  will  give  ^  at  t,  and  J  at  c,  &q.  ;  the  combined 
effect  of  W,  and  le  at  i*  is  therefoi-o  i  +  ^  =  1  ■  0. 

(427.)  The  transverso  strain  at  eveiy  p<)int  may  now  bo 
calculated ;  thus  the  straiu  at  h  is  that  due  to  the  weight  of  ^ 
acting  with  a  levernge  of  1-0,  or  i  X  1  =  O-."),  which  is  the 
ralio  of  the  breadth  at  that  point  when  the  depth  is  constant ; 
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but  if  the  breadth  is  constant,  wo  have  VO'5  =  •  707,  which  is 
the  ratio  of  the  depth  at  that  point.  Again  at  c  we  have  a 
weight  of  J  with  leverage  of  2,  plus  the  weight  B  or  1*0 
with  a  leverage  of  1*0  or  (^  x  2)  +  (1  x  1)  =  2,  which  is  the 
ratio  of  the  breadth  at  that  point  when  the  depth  is  constant ; 

but  if  the  breadth  is  constant,  then  V2  =  1*414  is  the  ratio  of 
the  depth  at  c :  again  at  d,  we  have  (J  x  3)  +  (1  x  2)  +  (1  X 1) 
=  4*5,  the  ratio  of  breadth  when  the  depth  is  constant,  and 

V4*5  =  2*12,  the  ratio  of  the  depth  when  the  breadth  is 
constant^  &c.     Calculating  in  this  way  we  find  that  at 

a  b  c  d  e  f  g  h  k 

where  the  depth  is  constant,  the  breadths  should  be  in  the 
ratios  Fig.  129,  or 

0*0        0*5         20         4*5        8-0      12*5      180      24*5       32 

but  when  the  breadth  of  the  beam  is  constant  throughout  its 
length,  then  the  depths  should  be  in  the  ratios  Fig.  127,  or 

00      0-707     1*414      2-12     283      3-53      424      4*95     565 

It  will  be  observed  that  when  the  depth  of  the  beam  is  con- 
stant, the  breadths  are  in  the  ratio  1,  4,  9,  16,  &c.,  or  as  the 
squares  of  the  distances  from  the  end  of  the  beam,  as  in 
Fig.  128.  But  when  the  breadth  is  constant,  the  depths  follow 
the  simple  arithmetical  ratio  1,  2,  3,  4,  &c.,  and  the  profile  of 
the  beam  is  then  a  triangle,  as  in  Fig.  127.  Applying  this  to  a 
beam  supported  at  each  end  and  with  the  load  equally  distri- 
buted, then,  when  the  depth  is  constant,  the  breadths  are  as 
given  by  Fig.  129,  but  when  the  breadth  is  constant,  the  profile 
is  that  of  two  triangles  united  at  the  base,  as  at  a;  a;  in  Fig.  127. 
The  proportions  of  depths  to  breadths  may  be  varied  to  any 
extent  so  long  as  d'  X  2»  follow  the  ratio  of  the  middle  line 
above,  or  0*6,  2*0,  4*5,  &c. 

(428.)  "  Form,  as  governed  by  Taste^  dc,* — The  forms  of 
beams  which  we  have  thus  obtained,  although  theoretically 
correct  for  the  transverse  strains,  are  not  such  as  to  satisfy  the 
requirements  of  taste,  moreover,  they  do  not  provide  for  the 
shearing  strain  at  the  ends  (403)  nor  for  a  fair  area  of  bearings 
at  the  supports  so  as  to  spread  over  a  large  surface  the  insistent 
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weight  Wbicli  otherwise  woiili  croeh  the  material, 
brick,  &c.,  on  which  the  bcata  rests.  To  meet  these  rtijniiw-' 
■nentB,  the  theoretical  forms  may  be  modified  at  pleasore,  care 
being  taken,  howoTCr,  that  the  sizes  dctnandod  hy  theory  are 
Dot  curtailed  by  the  lines  reqnired  by  tasto,  couveuieuoe,  or 
other  uunsidcrationa.  Thus  Fig.  117  might  he  modified  to 
Fig.  130.  in  which  the  length  is  increased  by  the  supplcmcDtary 
pieced  m,  n,  the  amonnt  of  which  mnet  be  fixe<l  by  judgment  so 
aa  t<i  give  a  good  bearing.  The  two  semi'parabolae  o,  p,  &c., 
are  the  BUoe  as  in  Fig.  117,  and  tbc  curve  r,  «,  f  is  an  ellipsis 
which  is  perhaps  the  most  bcantifnl  of  simple  curves,  and  may 
be.  easily  described  by  taking  »  piece  of  paper  with  a  perfectly 
straight  edge  P,  making  the  distance  a,  b,  equal  to  S,  V,  and 
6,  R,  equal  to  U,  V ;  then  passing  it  over  the  latter  so  that  b 
and  e  arc  always  iu  contact  with  the  major  and  minor  axes  of 
the  ellipse  respectively,  and  making  dots  with  a  pencil  or  noedlo 
point  at  b,  b,  Ad.,  a  sufficient  nnniber  of  guide-dots  ia  obtained, 
throngh  which  the  perfuet  ellipse  iiiiiy  bo  'Intwn  hy  a  Frem.'h 

(42'J.)  The  same  principles  may  be  applied  to  find  the  section 
at  different  points  in  the  length  of  I  girders,  whoso  profile  has 
been  determined  by  taste  or  convenience.  Let  Fig.  131  be  a 
girder  10  feet  between  bearings,  resting  18  inches  on  tlio  wall 
at  each  end,  'SO  inches  deep  in  the  centre,  whose  section  there 
is  given  at  A,  and  the  load  being  a  central  one,  or  by  tlie  Pillar 
E.  Tbe  strength  at  the  centre  (350),  or  the  reduced  value  of 
d*  X  h,  is  for  the  top  flange  2'  x  8  =  32 :  for  the  vertical 
web  (28*  -  2')  X  IJ  =  1170;  and  for  the  bottom  flange 
(30'  -  28')  X  18  =  2088  :— altogether  32  +  1170  +  2083 
=  3290,  Dividing  the  extreme  half-length  of  the  girder  into 
four  parts,  we  can  now  determine  the  st  f,tb  d  x  h  t 
each  point  B,  C,  D,  that  at  A  being  3290  n  th  p  pi 
explained  in  (423)  and  by  Fig.  122.     Tl  t  D    t       11  Ijc 

3290  4-4  =  822;  at  C,  3290-^2  =  1645  and  t  B  3  J 
X  3  -^  4  =  2467.  The  depth  of  the  gi  1  at  th  sc  j  nt 
having  been  predetci-mined  by  Fig.  131,  i  b  n  w  t  fi  d 
the  breadths  of  the  bottom  flange  necessary  1  g  tb  i  d 
strength,  that  of  the  toji  flange  being  ma  uta  -d  t  8  b 
throughout     Thus,  at  B,  the  depth  being  2  1  h 
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top  flange,  2*  x  8  =  32 ;  vertical  web  (23*  -  2*)  x  li  =  787 ; 
or  32  +  787  =  819  together ;  and  as  we  require  2467  at  that 
point,  the  bottom  flange  must  yield  2467  —  819  =  1648,  and  as 
the  depth  there  squared  is  25'  —  23'  =  96,  the  breadth  of  the 
bottom  flange  must  be  1648-7-96  =  17*1  inches.  Similarly, 
at  C  we  have:  top  flange,  2*  x  8  =  32 ;  vertical  web  (19"  -  2*) 
X  li  =  535 ;  or  32  +  535  =  567  together ;  hence  the  bottom 
flange  must  yield  1645  —  567  =  1078,  and  the  depth  squared 
being  21*  -  19*  =  80,  the  width  must  be  1078  -r-  80  =  13| 
inches.  Finally,  at  D  we  have  for  the  top  flange  and  vertical 
web  (2«  X  8)  4-  (16'  -  2']  x  1^)  =  410,  and  as  we  require 
822,  the  bottom  flange  must  yield  822  -  410  =  412,  and  the 
depth  squared  being  18'  —  16'  =  68,  the  width  must  be 
412  -f-  68  =  6  •  06  inches,  &c. 

In  many  cases  the  form  of  the  bottom  flange  as  thus  found 
would  need  modification  to  meet  the  requirements  of  taste,  care 
of  course  being  taken  that  the  calculated  sizes  are  not  curtailed 
(428). 

(430.)  "  Effect  of  Modes  of  Fixing  and  Loading:*— There  are 
three  principal  methods  of  fixing  beams : — 1st,  when  supported 
at  the  two  ends ;  2nd,  vfhen  fixed,  or  built  into  walls  at  the  two 
ends ;  and,  3rd,  when  fixed  or  built  into  a  wall  at  one  end  only, 
the  other  end  being  free,  and  the  beam  then  becomes  a  ccmtilever. 

With  each  of  these  modes  of  fixing  beams  there  are  two 
principal  methods  of  arranging  the  load,  namely,  1st,  a  single 
weight  in  the  centre  of  beams  that  are  fixed  or  supported  at  the 
two  ends;  and,  2nd,  when  the  load  is  distributed  equally  all 
over  the  length.  Similarly,  with  a  cantilever,  the  load  may 
be,  1st,  a  single  one  at  the  remote  end,  and,  2nd,  it  may  be 
equally  distributed  all  over  the  length. 

(431.)  The  ratios  of  the  loads  in  these  various  cases  are  as 

follow : —  Ratio 

of  Loads. 

Supported  at  two  ends,  and  loaded  in  the  centre  1*0 

Supported  at  two  ends,  load  spread  equally  all  over  2 '  0 

Fixed  at  two  ends,  and  loaded  in  the  centre ..  ..  1*5 

Fixed  at  two  ends,  load  spread  equally  all  over  3*0 

Fixed  at  one  end,  and  loaded  at  the  other    ..  ..  0*25 

Fixed  at  one  end,  load  spread  equally  all  over        ..  0*50 
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Of  course  tho  distribution  of  the  land  may  be  varied  endlessly; 
in  (410),  &a.,  the  whole  matter  is  fully  invwitignted,  and  tbe  i 
efibct  on  the  Bizea  and  forms  of  bcnnis  is  considered  in  detail  on  J 
a  principle  that  admits  of  uuiversal  a]iplication. 

The  rntioe  given  above  are  easily  applied  in  practice  :- 
tiiat  we  require  the  depth  of  a  cantilever  of  Riga  Fir,  projecting  I 
S  feet  from  tho  wall,  to  carry  safely  a  load  of  1!)00  lbs.  distii-  I 
buted  all  over,  the  thickneBs  being  3  inches.     Wo  find  first   ! 
from  the  ratio  0-50  given  above  that  1900  lbs.  (Hnially  distri-  * 
buted  over  a  cantilever  is  eqwivalont  to  1900  -i-  ■  5  =  3800  lb«. 
in  the  centre  of  a  similar  beam  of  the  eamo  length  supported  at 
the  two  ends  as  in  the  rules  in  (323),  and  the  value  of  Mt  for 
safe  load  being  for  Riga  Fir,  78  lbs.  by  col.  3  of  Table  67,  the 
rule  d=  VJWx  !")-;-(  MtX  ii}  becomes  in  our  case  JSSOO  X  5) 
-j-  (78  X  3} V  =  9  inches,  the  depth  roqnired,  Ac. 


(432.)  The  investigation  of  the  strains  on  the  several  parts 
of  lattice  girders  is  an  interesting  study  on  its  own  account, 
and  is  also  instructive  as  illustrating  tho  internal  strains  in 
girders  of  otljer  kinds,  where  the  phenomena  are  often  very 
obscure.  In  lattice  girders  the  tensile  and  compressive  strains 
are  confined  to  certain  definite  lines  formed  by  tho  different 
members  of  the  structure,  and  this  fact  enables  us  to  estimate 
the  force,  direction,  and  resultants  of  those  strains  with  a  facility 
and  precision  not  attainablo  with  girders  of  other  kinds. 

Tlje  forms  of  lattice  girders  arc  so  very  variable,  that  in  most 
cases  the  strains  on  tlie  varions  parts  must  be  found  by  analysis 
and  reasoning  rather  than  by  set  rules ;  but  for  the  main  question 
of  the  Load  which  can  bo  borne,  the  Eules  for  Plato-iron 
Girders  in  (386),  &c,,  will  equally  apply  to  Lattice  Girders. 

(433.)  Let  A,  B,  C,  Fig.  134,  be  a  tiiangular  frame  loaded 
with  a  weight  W  of  1  ton,  the  angle  of  the  stmt  B  being  45°. 
The  weight  W  may  ho  resolved  into  two  forces  on  A  and  B 
respectively  by  the  well-known  parallelogram  of  forces ;  making 
the  diagonal  a  equal  to  tho  weight  W  by  a  scale  of  equal  parts, 
the  strain  on  B  will  be  equal  to  the  length  d  or  e,  and  will  be 
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in  onr  case  1*414,  or  say  1*4  ton  by  the  same  scale.  The 
strain  on  A  will  be  eqaal  to  the  length  /  or  g,  namely  =  1*0. 
Then  the  strain  on  B,  or  1*4  ton,  may  be  resolved  by  another 
parallelogram  into  the  two  strains  on  C  and  A,  by  making  the 
diagonal  B  =  1*4,  when  the  length  of  m  or  n  will  give  the 
strain  on  C  =  1  *  0,  and  o  or  p  the  strain  onh  =  1*0  also.  The 
strain  on  B  is  a  compressive  one,  and  those  on  A  and  C  are 
tensile  ones :  the  former  are  represented  by  full  lines,  the  latter 
by  dotted  lines. 

Let  Fig.  135  be  a  system  of  framed  rods,  in  which  A,  B,  G 
are  obviously  under  precisely  the  same  conditions  as  in  Fig.  134, 
and  bear  the  same  strains.  We  may  now  find  the  other  strains 
by  reasoning,  thus : — the  strain  on  A  or  1*0  must  evidently  be 
transmitted  to  D,  and  be  borne  by  that  member  of  the  system ; 
but  D  has  also  to  bear  the  extra  strain  from  the  thrust  of  £, 
and  as  the  strain  of  1  *  4  on  B  caused  a  strain  of  1  *  0  on  A,  so 
the  strain  of  1  *  4  on  E  will  cause  a  strain  of  1  *  0  on  D  in  addition 
to  that  transmitted  from  A ;  hence  the  total  strain  on  D  =  2*0. 
The  strain  on  E  is  known  to  be  1*4,  because,  as  in  Fig.  134, 
the  weight  W  =  1  *  0  produced  a  strain  of  1  *  4  on  B,  and  1  *  0 
on  C,  so  in  Fig.  135  will  the  strain  of  1  *  0  on  G  produce  a  strain 
of  1  *  4  on  E  and  1  *  0  on  r.  Similarly,  as  B  gave  a  strain  of  1  -  0 
on  G,  so  will  E  cause  a  strain  of  1  *  0  on  F,  while  G  simply 
taking  the  place  of  A  in  Fig.  134  bears  the  same  strain, 
mamely  1*0,  but  the  point  r  having  received  1*0  from  E, 
has  a  total  strain  on  it  =  2  *  0,  namely,  1  *  0  from  G  and  1  *  0 
fromE. 

(434.)  Fig.  136  is  a  long  girder  or  cantilever,  composed  of 
a  series  of  frames,  as  in  Fig.  135,  and  the  strains  throughout 
may  be  found  by  pursuing  the  same  reasoning : — thus  we  have 
seen  that  every  diagonal,  B,  E,  &c.,  causes  an  extra  strain  of 
1  *  0  on  those  members  of  the  top  and  bottom  which  receive  it, 
the  total  strains  on  the  top  become  1,  2,  3,  4,  5,  and  6 ;  and 
those  on  the  bottom  1,  2,  3,  4,  and  5.  After  H  has  passed  the 
foot  of  the  last  diagonal  K  and  received  its  thrust,  the  strain  at 
J  becomes  6  also.  The  strain  at  the  wall,  or  at  J  and  L,  might 
be  found  direct  from  the  leverage  with  which  the  weight  W 
acts,  for  as  the  length  L,  M  is  six  times  the  depth  J,  L,  the 
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weight  of  I'O  at  M  will  evidently  give  &  etrain  of  6  at  J  and 
L,  as  fonnd  liy  the  preceding  Eumlysix.  It  ehould  iilsu  be 
observed  that,  whatever  the  length  of  the  girder  may  bo,  the 
strain  oa  the  verticals  and  diagonals  ie  oonatont  from  end  to- 
end.  In  all  thu  figures  solid  lines  represent  compressivs 
BtraiuB,  and  dotted  lines  tensile  ones. 

In  Fig.  137  we  hove  a  siinilar  girder,  bnt  in  a  reversed 
position,  the  principal  effect  being  that  the  strains  on  the 
diagonals  which  wore  compreBBivo  in  Fig.  136  become  tensile 
in  Fig.  1S7,  while  the  tensUo  strains  on  the  verticals  liecome 
compressive  ones. 

(435.)  If  wo  now  combine  Fig.  I3G  with  Fig.  137  by  super- 
imposing one  upon  the  other  me  obtain  Fig.  138 ;  the  etraina 
on  tho  top  and  bottom  membors  will  evidently  bo  the  sum  of 
those  in  Figs.  136  and  137  ;  those  on  the  diagonals  will  remain 
unchanged  in  character  and  amount,  hat  those  on  the  verticals, 
being  tensilo  in  one  case  and  oompressive  in  the  other,  will 
nmitralisi;  cftch  otlicr,  si i owing  thiit  tlioru  will  be  im  strain  njinn 
them.  They  may  therefore  bo  omitted  altogether  as  useless,  as 
is  done  in  Fig,  138. 

The  strain  on  top  and  bottom  members  is  of  course  a  maximum 
at  the  wall,  and  is  cqnal  to  12  tons,  as  shown  by  Fig.  138;  wo 
may  check  this  result  in  another  way.  Thus,  tho  depth  of  the 
girder  being  taken  as  =  I'O,  tho  length  in  our  case  =  6-0, 
therefore  the  load  of  2  tons  becomes  a  strain  of  2  x  6  =  12  tons 
at  the  wall,  as  found  l>efore. 

It  will  he  observed  that  when,  as  in  Figs.  13G,  137,  there  is 
only  one  set  of  diagonals,  the  strains  ou  the  top  and  bottom 
members  increase  towards  the  wall  in  the  simple  arithmetical 
ratio  1, 2,  3,  &c. ;  but  where  there  are  two  sets  at  similar  angles, 
as  in  Fig.  138,  those  strains  increase  in  the  order  of  tho  odd 
numbers  1,  3,  5,  7,  &c.  Another  important  fact  is,  that  tho 
strain  on  the  diagonals  is  constant  throughout,  whatever  may 
be  the  length  of  the  girder.  But  these  statements  are  true  ouly 
where  the  btrain  is  taken  as  a  single  load  at  the  end,  the  weight 
of  tho  girder  itself  being  neglected.  The  effect  of  the  latter, 
being  equivalent  to  an  equally  distributed  load,  is  considered 
in  (1«). 
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(436.)  The  strain  on  the  diagonals  will  vary  with  their  angle; 
an  equilateral  triangle,  as  in  Fig.  139,  is  commonly  used,  and 
the  strains  on  A,  6,  &c.,  may  be  foimd  by  the  parallelogram  of 
forces  as  before.  We  have  to  determine  first,  the  ratio  between 
a,  &,  c,  &c, :  lot  M  in  Fig.  140  be  an  equilateral  triangle  whose 
sides  are  all  =  1  *  0  ;  we  want  to  know  the  height  of  the  vertical 
line  /.  Dividing  the  triangle  into  two  equal  parts,  we  obtain 
the  right-angled  triangle  N,  having  its  two  sides  =1*0  and 
^  respectively;  then  by  the  well-known  rule  for  right-angled 
triangles,  namely,  that  the  square  of  the  hypothenuse  is  equal 
to  the  sum  of  the  squares  of  the  other  two  sides,  we  have 
/,  =  ^  (a*  —  c^),  which  in  our  case  becomes  (1*  —  j^*)  ^  =  •  866 ; 
therefore  when,  as  with  O,  /  =  1*0  ton,  c  will  be  1  -7-  *  866 
=  1  •  155  ton,  and  as  e  is  half  of  c,  we  have  e  =  1  •  155  -7-  2 
=  '5775  ton.  Transferring  these  numbers  to  Fig.  139,  we 
obtain  the  strains  on  A  and  B  respectively. 

The  strains  on  the  diagonals  will  be  constant,  as  we  found 
in  (435)  and  Fig.  136,  &c.,  and  will  be  1*  155  ton  throughout 
The  strain  on  G  in  Fig.  139  will  be  the  resultant  of  the  thrust 
of  B  and  the  pull  of  C,  and  may  be  found  by  the  parallelogram 
P  in  Fig.  140,  where  the  compressive  strain  of  B  is  converted 
into  an  equivalent  tensile  one  B'  at  the  same  angle.  Making 
B'  and  C  each  =  1 '  155,  G  is  in  our  case  1  *  155  also,  from 
which  we  find  that  each  pair  of  diagonals  adds  1  *  155  ton  to 
the  top  and  bottom  members,  which  receive  their  combined 
strains;  hence  H,  Fig.  139,  becomes  1*155  +  1*155  =  2*31 
tons.  After  F  has  been  passed,  and  the  thrust  of  one  more 
diagonal  has  been  received,  the  strain  becomes  2*31  4-  *5775 
=  2  *  8875  tons.  Again ;  in  the  top  member,  the  strain  on  A 
=  •  5775  ton,  as  found  in  (435) ;  on  J  it  becomes  *  5775  -f  1  *  155 
=  1  *  7325  ton ;  and  on  E,  having  received  the  thrust  of  F, 
and  the  pull  of  E,  it  becomes  1*7325  -f  1*155  =  2*8875  tons, 
or  the  same  as  we  found  for  the  maximum  strain  on  the  bottom 
members. 

(437.)  "  Beams  toith  Load  in  Centre,  dc.** — The  case  of  a  can- 
tilever, as  in^Fig.  139,  may  be  easily  converted  into  that  of 
a  girder  of  double  length,  supported  at  the  ends  and  loaded 
in  the  centre  with  2  tons.    Obviously,  in  order  to  obtain  a 
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stram  of  1  toD  Eit  each  cod,  the  central  lo^d  mast  ho  2  tona, 
and  the  caotilever  mnst  be  inverted,     See  Figs.  91,  92. 

(438.)  •■Bolliny  Load." — The  effect  of  change  of  position  h 
the  load,  such  as  occqtb  where  it  rolls  slowly  without  ehook 
from  eud  to  end  of  a  girder,  may  be  illoatrated  by  Figs.  Ii4  to 
148  inclusiro,  the  etmina  throughout  being  calculated  as  in  the 
preceding  examplea,  starting  in  eacli  case  with  the  lond  on  each 
prop  as  a  datura.  From  these  figures  we  may  obtain  eomo  usofol 
general  fncts. 

(439.)  First, — it  will  be  observed  that  the  strains  on 
diagonals  cltange  with  the  varying  position  of  the  load,  not 
only  in  amount,  but  also  in  character,  or  from  tensile  to  com- 
pressive, and  vice-veran.  Taking  G  for  oxsmplo,  the  strain 
chnugcs  froni  a  tensile  ono  of  5 '77  tons  in  Fig.  146,  to  a  com- 
pressivo  one  of  3-46  tons  in  Fig.  147.  A  strain  thus  alternating 
or  acting  in  opposite  direotious,  is  known  (915)  to  bo  very 
trying  to  any  material  which  in  fact  nifiers  from  Jatigue ;  the 
eSevt  is  equivalent  fo  tlio  Kim  of  tho  two  strains,  or  in  oar  case 
to  5-77  +  3 '4(1  =  9'23  tons  acting  in  one  direction  only,  but 
being  alternately  laid  on  and  relieved  ;  this,  again,  is  more 
trying  than  a  eteody  ond  constant  load.  These  facts  should  be 
reinembert'd  in  fixing  the  "  Factor  of  safety  "  (880)  for  the  par- 
ticular case  ;  it  will  also  bo  seen  that  in  a  girder  for  carrying  a 
rolling  load,  all  the  diagonals  must  be  adapted  to  siistain  both 
tunsilo  and  Cdrnpreseiye  strains,  and  in  many  cases  should  bo  of 
_L  iron,  or  some  such  form  of  section,  rather  than  simple  thin 

(440.)  Secondly, — tlie  figures  show  that  while  the  strains  on 
the  top  and  bottom  members  never  change  their  character  with 
a  rolling  load,  the  amount  of  the  strain  varies  considerably ; 
for  instance,  from  5-2  tona  tensile  strain  on  M  in  Fig.  144,  to 
■5755  ton,  also  tensile,  in  Fig.  148 ;  and  again,  from  8'08  tons 
on  N  in  Fig.  145,  to  1-155  ton  in  Fig.  148,  both  cemprossivo 
strains.  This  partial  relief  of  tiie  strain  every  time  the  load 
passes  is  much  more  trying  to  the  material  than  even  tho  maxi- 
mum load  would  be  if  it  were  a  dead  and  constant  strain  (912), 
and  the  "  Factor  of  safety"  should  be  higher  than  for  an  equal 
statical  load. 
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It  should  be  observed  that  tbe  strains  on  the  diagonals  being 
cUtemate,  or  in  both  directions,  while  those  on  the  top  and 
bottom  are  simply  intermittent,  should  in  strictness  lead  to  the 
use  of  a  higher  Factor  of  Safety  for  the  former  than  for  the 
latter,  in  the  ratio  of  2  to  1  (915). 

(441.)  "  Effect  of  Distribution  of  Load.'*— The  eflfect  of  two  or 
more  equal  loads  may  be  found  by  adding  together  the  respective 
strains  in  two  or  more  of  the  figures;  thus,  in  Fig.  149  we 
have  the  strains  with  10  tons  on  the  apex  of  every  triangle, 
which  were  obtained  by  adding  together  all  the  corresponding 
strains  in  the  figures  from  144  to  148  inclusive.  Thus,  on 
A  A,  &c.,  they  are  all  compressive  strains,  and  their  sum  is 
28*86  tons;  but  on  D,  two  are  compressive,  with  a  sum  of 
1*155  +  3*46  =  4*615  tons,  and  three  are  tensile,  with  a  sum 
of  5-77  -f  3*46  4- 1-155  =  10*385  tons,  so  that  tbe  tensile, 
being  10*385  —  4*615  =  5*77  tons  in  excess  of  the  compres- 
sive, is  the  final  strain  on  D,  as  in  Fig.  149. 

(442.)  It  is  remarkable  that  with  an  equally  distributed  load, 
as  in  Fig.  149,  while  the  strain  on  the  top  and  bottom  members 
is  a  maximum  at  the  centre,  where  it  is  37  *  48  tons,  and  is 
reduced  progressively  toward  the  ends,  where  it  becomes  14*42 
tons ;  it  is  just  the  reverse  with  the  diagonals,  being  a  mini- 
mum, or  5  *  77  tons,  in  the  centre,  increasing  progressively  to  a 
maximum  of  28  *  86  tons  at  the  ends,  &c. 

(443.)  In  Fig.  150  we  have  the  strains  with  two  weights 
each  of  10  tons,  placed  at  equal  distances  on  each  side  of  the 
centre,  which  were  obtained  by  combining  those  in  Figs.  145, 
147.  It  will  be  thus  found  that  the  strains  on  the  diagonals 
between  the  two  weights  neutralise  one  another,  being  tensile 
in  one  case  and  compressive  in  the  other ;  they  are  therefore 
useless,  and  are  omitted  altogether  in  Fig.  150. 

The  same  principles  will  apply  to  any  other  equal  or  un- 
equal loads  on  the  several  points  by  simple  proportion.  Thus, 
taking  for  illustration  the  diagonal  D  in  all  the  figures,  say  we 
have  5  at  Z  in  Fig.  149,  then  Fig.  144  gives  1  *  155  x  '  5 
=  0*578  at  D;  say  2  at  Y  gives  by  Fig.  145,  3*46  x '2 
=  0*692  at  D,  both  being  crushing  strains,  and  their  sum 
-578  +  *692  =  1-27.    Then  all  the  rest  are  tensile  strains  on 
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D;  BaySatXby  Fig.  146  becowee  5-77  x  8  =  4-616  at  D; 
tey  12  ftt  V  l>BcomeB  by  Fig.  147,  3-46  x  1-3  =  '1-152  at  D; 
and  eay  G  at  U  gives  by  Fig.  148,  1-155  x  -6  =  0-693  at  D. 
The  sum  of  the  three  tensile  Btrains  =  4- 616  +  4-152  +  0-693 
=  9 -461,  and  the  sum  of  the  two  cruxh in g  strains  being  1-27, 
we  huvu  UB  a  filial  reBolt  9-461  -  1-270  =  B-101  teosile  etnuD 
on  D.  Applying  the  aarae  process  to  the  other  parts  of  the 
gtnler,  wo  nay  obtain  the  strains  tbronghont  for  loads  of  5,  2, 
8, 12,  and  6,  nt  Z,  Y.  X,  V,  and  U  respectively. 

(444 .)  •'  Effect  of  the  tTeiffil  of  the  Girder  itself."— Vie  bava 
BO  &r  ooneidered  only  those  strains  which  a  given  load  would 
prodace  in  the  different  parts  of  a  lattice  girder,  irrespectiT 
those  due  to  the  weight  of  the  girder  itself.  In  short  girders 
the  latter  is  nanally  very  small  in  proportion  to  the  load,  and 
may  in  snch  cases  be  negleotcd  ;  but  in  long  girders  it  bocomoB 
important,  as  shown  in  (48B),  &c.,  and  unst  not  be  overlooked. 

The  woight  of  the  girder  itself  ie  in  efi'ect  equivalent  to 
a  load  eqiiftlly  distrlliuted  all  ovor  tlio  Icnjrlb  :  it  will  not. 
howcTOr,  suffice  to  take  it  as  borno  on  the  top  only,  as  in 
Fig.  149,  but  rattier  by  the  top  and  bottom  equally,  as  in 
Fig.  151,  Calculating,  as  before,  successively  for  the  loads 
at  R,  S,  T,  Q,  wo  obtain  another  scries  of  strains  which, 
addod  ti)  those  given  by  Figs.  144  to  14S,  give  the  strains  in 
Fig.  151,  which  may  be  taken  as  representing  the  ratios  of  the 
strains  on  a  girder  arising  from  its  own  weight.  It  should 
be  observed  that  we  have  not  only  10  tons  at  the  apei  of  every 
triangle,  but  also  .5  tons  at  each  end ;  but  os  these  latter  im- 
pinge direct  on  the  bearings,  they  cause  no  strain  on  the 
members  of  the  ginler.  The  total  woight  on  the  girder  thus 
becomcH  100,  or  50  on  each  bearing,  but  the  etraimni}  weight  is 
46  tons  only. 

Wc  have  hero  assumed  that  the  weight  of  the  girder  per  foot 
run  is  cqnid  from  end  to  end,  winch  it  usually  is  in  ordinary 
cases;  where,  however,  the  strength  and  correspoudiug  weight 
of  the  several  parts  are  grn<luated  from  the  centre  to  the  ends, 
as  would  or  ehould  be  the  case  in  large  and  important  structures, 
the  method  of  calculating  irnist  bo  modified  aeeordingly. 

The  general  efl'ect  of  the  weight  of  a  beam  on  the  load  which 
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jt  will  bear  is  shown  most  dearly  and  folly  in  the  case  of 
«  Similar  "  beams  (488). 

(445.)  "  Top  Flange.— Lateral  Stiffness:'— The  form  of  sec- 
tion at  the  top  of  a  lattice  girder,  or  rather  at  that  part  sub- 
jected to  compression,  is  not  arbitrary ;  there  mast  not  only  be 
area  sufficient  to  bear  the  crashing  strain,  but  also  a  fiange  of 
considerable  breadth,  so  as  to  give  lateral  stififhess  sufficient  to 
prevent  flexure  sideways.  The  top  flange  of  a  girder  is  virtually 
a  pillar,  and  while  yielding  by  flexure  vertically  is  prevented 
by  the  diagonals,  there  is  nothing  to  resist  flexure  sideways 
except  the  resistance  of  the  top  flange.  With  long  girders 
particularly,  considerable  breadth  is  necessary  to  prevent  the 
top  yielding  by  flexure  with  a  strain  much  less  than  that  neces- 
sary to  crush  the  material. 

(446.)  For  the  more  perfect  investigation  of  the  matter  let 
us  take  the  case  of  the  long  girder  in  (681)  and  Fig.  155 :  the 
total  length  being  32  feet  with  16  bays,  each  bay  is  2  feet. 
Now,  obviously,  the  part  of  the  top  flange  between  the  points 
a,  a,  is  a  pillar  4  feet  long  compressed  with  15  tons ;  between 
6,  &,  a  pillar  8  feet  long  loaded  with  13  tons,  &c.,  &c. ;  hence 
we  have  a  series  of  pillars  with  lengths  varying  by  increments 
of  4  feet,  namely : — 

32  28  2^  20  16  12  8  4 

feet  long,  the  corresponding  compressive  strains  being 

1  3  5  7  9  11         13         15 

tons,  and  the  question  is,  with  which  of  those  lengths  and  cor- 
responding strains  the  lateral  strength  required  to  resist  flexure 
at  the  centre  becomes  a  maximum. 

By  (147)  it  is  shown  that  the  tendency  of  a  pillar  of  wrought 
iron  to  break  by  flexure  is  proportional  to  W  X  L*,  which  in 
our  case  becomes : — 

1024        2352        2880        2800        2304        1584        832        240 

which  being  a  maximum  with  5  tons  and  a  length  of  24  feet, 
or  c,  c,  in  Fig.  155,  shows  that  with  a  flange  of  the  same  size 
throughout,  this  is  the  weakest  pillar  of  the  set,  and  that  the 
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breadth  raqnired  fov  that  li^iigth  and  weight  being  gruater  tUon 
any  other,  govemB  the  cftse  (1-18). 

Those  rectaBgolarpillftra  arc  under  peculiar  oonditioiis,  being 
forced  to  yield  by  flexure  in  the  direction  of  their  larger 
dimoneiou;  of  course  an  ordinary  rcctangulnr  pilliir  of  imciiaal 
dimenBinns,  left  to  iteolf,  would  f(til  by  bending  in  the  direction 
of  ite  least  dimension :  in  a  lattice  girder  this  is  prevented  by 
the  diagonals.  By  col.  4  of  Table  S4,  Mp  =  162900  lbs.,  which 
with  Factor  of  Safety  =  3  bocomea  162900  -^  (112  x  8)  = 
486  cwt. :  then  the  mle  (235)  may  be  modified  into  :- 

(447.)  B'--  =  (W  X  L')  -^  (480  x  ()• 

In  which  W  =  the  aafe  working  dead  load  in  cwt9. ;  L  =  the 
length  of  the  pillar  in  feet ;  B  =  the  breadth  or  greatest  dimcn- 
eion  of  a  rectangular  pillar,  and  (  =  the  thickneea  or  least 
dimension  of  the  same,  both  in  inehett.  For  24  feet  and  5  tons, 
or  100  cwt.,  as  in  onr  case,  and  assuming  t  =  ^  inch,  we  obtain 
B=^  =  anO  X  S70)  -^  (4fiO  X  I)  =  210,  wliioh  IB  the  2-6 
power  of  B.  By  logarithms  log.  240  =  2'38  -^  2-6  =  -915, 
which  in  the  log.  ,.f  8-22  inches,  the  breadth  B,  required.  To 
show  that  the  breadth  is  a  maximum  with  the  length  wc  have 
taken,  ivo  may  eiileulntc  it  for  the  ueit  greater  and  next  less 
lengths:  thus,  with  20  feet,  or  d,  d,  in  Fig.  155,  the  strain  by 
(44G)  is  7  tons,  or  140  cwt,  and  we  have  |l40  x  400) -^  (480 
X  iy'"  =  8-142  inches.  For  28  feet,  or  e,  c,  in  Fig.  155,  and 
3  tons,  or  GO  cwt.,  wo  obtain  J60  x  784)  -^  (480  x  *}-'■■  =  7-  615 
inches;  both  being  lees  than  8 '22  inches  as  found  fur  24  feet. 
The  actual  breadth  of  the  top  flange  in  Fig.  141  given  by  two 
angle-irons  and  the  J-iuch  diagonals  wnfl  8^  inches. 

(448.)  In  au  ordinary  plute-iron  girder  with  a  continuous 
vertical  web  the  strains  would  be  found  to  increase,  not  by 
steps  of  2  tons,  as  in  Fig.  155,  but  in  regular  arithmetical  pro- 
gression from  the  ends  where  it  is  nothing  to  the  centre  where 
it  attains  a  maximum,  and  it  will  be  found  that  the  tendency  to 
yield  by  flexure  at  the  centre  is  a  maximum  with  one-third  of 
r  central  strain,  which  by  the  conditions  of  the 
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case  is  exerted  on  an  acting  length  of  two^thirda  of  the  extreme 
length  of  the  girder.  Thus,  let  Fig.  142  be  a  girder  9  feet 
long  and  1  foot  deep  loaded  with  4  tons  in  the  centre,  giving 
2  tons  on  each  prop,  which  is  equivalent  to  a  cantilever,  Fig. 
143,  4^  feet  long,  fixed  in  a  wall  at  one  end,  and  loaded  with 
2  tons  at  the  other.  The  strain  on  the  top  and  bottom  members 
at  the  wall  is  therefore  2  x  4^  -r-  1  =  9  tons,  equivalent  to 
9  tons  at  the  centre  of  the  girder,  Fig.  142.  Then  we  have 
the  series  of  longitudinal  strains  given  in  the  figure,  increasing 
in  arithmetical  progression,  and  we  thus  obtain  a  series  of 
imaginary  pillars  with  lengths  of : — 

0123456789 

feet,  the  corresponding  longitudinal  compressive  strains  being 
9876543210 

tons.  Then  the  tendency  to  break  by  flexure  at  the  centre 
being  in  the  ratio  W  X  L*,  becomes 

0  8         28        54        80      100       108       98        64         0 

which  is  a  maximum  with  6  feet,  or  two-thirds  of  the  extreme 
length,  and  the  corresponding  strain  of  3  tons,  or  one-third  of 
the  maximum  or  central  strain.  The  practical  application  of 
these  laws  to  plate-iron  girders  is  illustrated  by  (394). 

(449.)  "  Effective^  and  Extreme  Depth'* — It  should  be  observed 
that  in  the  diagrams,  Figs.  136-151,  the  strains  are  taken  as 
acting  on  mathematical  lines,  or  centres  of  strain,  and  that  in 
dealing  with  practical  cases,  the  depth  taken  as  a  basis  for 
calculation  should  not  be  the  extreme  depth  of  the  girder,  but 
rather  the  distance  between  centres  of  the  resisting  forces  of 
cohesion  and  crushing,  which  may  be  taken  as  coincident  with 
the  centres  of  gravity  of  the  sections  of  the  top  and  bottom 
members  of  the  girder  (385),  (684).  The  diflference  between 
the  effective  depth  thus  measured  and  the  extreme  depth  is 
sometimes  considerable,  but  in  practical  rules  it  is  allowed  for 
in  fixing  the  value  of  the  constant  (390). 
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(450.)  Beams  are  termed  "  Mathemfttieftlly  Similftr"  t 
ail  the  iliiiieQBioDs  of  oue  boar  a  giYcn  proportion  to  all  tlw 
ooTTtiRponding  duuensioiiB  of  the  others.  Tbos,  in  Fig  152, 
A.  B,  G  are  three  aimilar  tubular  beBms  of  plate-ii-on,  or  otJier 
uuiterial,  the  length,  depth,  breadth,  and  thicknesB  of  B,  being 
double  the  correepondiug  dimensions  of  A,  and  in  0,  triple 
thoee  of  A.  Again,  in  Fig.  153,  D,  E,  F  ate  three  similar 
cost-irun  girders,  all  the  corresponding  dimensions  being  in  the 
ratio  1,  2,  3,  as  before. 

We  may  now  eomplete  the  illnatrations  by  calculating  the 
breaking  weight  of  these  beams.     For  the  wrought-iron  tubular 
beams  A,  B,  0,  ve  ina;  take  the  value  of  Mt  at  3200  lbs.  (STfi), 
tion  i-ule  (330)  becomes  with— 
.'X  1)-(I'8'X 
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(4-x 

2)- 
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X  3200  -f- 


1333-76  lbs.. 


8  =     5335-04  lbs.. 


-12  =  12003-84  lbs. 


C  = 

Now,  it  will  be  observed  that  the  linear  ilimensions  being  in 
the  ratio  1,  2,  3,  tlio  loads  are  in  the  ratio  of  tlie  squares  of 
those  numbers,  or  1,  i,  9.  Wc  should  obtain  the  same  Batim 
by  the  special  rules  (377),  or  even  by  the  incorrect  old  rule 
(337),  althougli  the  calculated  loails  would  differ  in  amount, 

(451.)  For  the  cast-iron  girders  D,  E,  F,  we  may  take  the 
value  of  Mr  at  -92  ton  (335);  then  calculating  by  the  special 
mlo  in  (378),  we  obtain  : — 

D  =  |i'  X  2)  +  <3'  -  i']  X  1)  +  (J'  -  3=]  X  4|  X  -02  -i-  5  =  6-"w9 
E=|l=  X  l)  +  (C-l'3x  l)  +  (8'-G']x8}  X  -0-2 -i- 10  =  2+191; 
F  =  |lJ'x6)  +  (0'-ll']xli)  +  (12=-a']xl-jJ  X  ■92-^i:>  =  54-44l 
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Here  again,  the  linear  dimensions  being  in  the  ratio  1,  2,  8, 
the  loads  are  in  the  ratio  of  the  squares  of  those  numbers,  or 
1,  4,  9,  &c. 

(452.)  "  General  Laws  for  Similar  Beams.*' — Mr.  Tate  and 
others  have  shown  that  there  are  some  general  laws  governing 
the  relations  of  similar  beams,  which  are  very  useful,  by 
enabling  us  to  reason  from  one  whose  strength  is  known  by 
experiment,  to  another  of  very  different  sizes,  but  similar  pro- 
portions, whose  strength  wo  desire  to  know.  Thus,  as  an 
extreme  case,  it  is  shown  in  (475)  that  the  strength  and  sizes 
of  the  great  tubular  bridge  at  Conway,  400  feet  span,  and 
weighing  1080  tons,  might  be  calculated  with  approximate 
accuracy  from  the  experimental  strength  of  a  little  model  tube 
3J  feet  span,  weighing  only  4^  lbs.  Figs.  152, 153,  will  enable 
us  to  illustrate  the  principal  laws  for  similar  beams. 

(453.)  1st  The  breaking  loads  of  similar  beams  are  to  each 
other  as  their  sectional  areas:— thus,  the  areas  of  A,  B,  C  are 
0-56,  2-24,  and  5-04,  and  of  D,  E,  F,  6-25,  25-0,  and  56-25 
square  inches  respectively,  which  in  both  cases  are  in  the 
ratios  of  the  breaking  weights  1,  4,  9. 

(454)  2nd.  In  similar  beams,  the  cubes  of  the  breaking  loads 
are  to  each  other  as  the  squares  of  the  weights  of  the  beams 
between  supports.  Thus,  the  breaking  loads  in  our  figures 
being  in  the  ratio  1,  4,  9,  we  have  1»,  4»,  9',  or  1  •  0,  64,  and  729, 
which  are  the  ratios  of  the  squares  of  the  weights  of  the  beams, 
for  1*,  8*,  and  27*  are  =  1,  64,  and  729. 

(455.)  3rd.  The  breaking  weights  of  beams  of  similar  sec- 
tions, but  of  varying  lengths,  are  equal  to  the  continued  product 
of  the  whole  cross-sectional  area,  the  depth,  and  a  constant 
derived  from  experiment  for  the  particular  form  of  beam, 
material,  &c.,  divided  by  the  length,  or  distance  between  sup- 
ports, hence  we  have  the  rules : — 

(456.)  W  =  a  xdx  M-T-l 

(457.)  a  =  (W  X  0-7-(d  X  M). 

(458.)  M  =  (WX  0-r-(aX  d). 

In  which  W  =  the  weight  or  load  on  the  beam  in  lbs.,  tons, 
&c.,  dependent  on  the  terms  of  M  ;  a  =  the  whole  cross-sectional 
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broa  in  square  inches;  d  =  the  ilopth  in  inches  ;  /  =  the  length 
or  distance  between  eupporte  in  inches;  and  M  =  a  constant 
from  experiment,  Ac.  Tliue  taking  the  girder  E,  Fig.  163,  vq 
may  find  tha  Taluo  of  M  :  here  W  =  24-196  tons,  as  found  in 
(451) ;  a  =  25  equare  inches  ;  d  —  8  inches,  and  I  ^  120  inches. 
Then  M  =  (24-196  x  120)  -^  (25  x  8)  =  14-5176.  Now 
applying  this,  for  eiamplo,  to  tho  girder  F,  where  a  =  56*25, 
d  =  12,  and  I  =  180.  we  obtain  W  =  56-25  X  12  x  14-5176 
~  180  =  64-441  tons,  ae  before,  &e.  (451). 

(459.)  4tb.  The  breaking  weights  of  beAing  of  similar  tectlona, 
but  all  of  the  mtiu!  length,  are  as  the  cubes  of  the  linear  ratios 
of  the  sections.  Thus,  if  tho  beams  A,  B,  C  hsd  all  been  say 
4  feet  loug,  or  the  length  of  A,  the  breaking  weights  would  evi- 
dently have  been  iu  the  ratio  1,  S,  27.  instead  of  1,  4.  9  ; — then 
tho  linear  ratio  of  the  sections  being  1,  2,  3,  we  have  1*,  2',  3^, 
or  1,  8,  27,  which  is  also  tlie  ratio  of  the  breaking  weights. 

(460.)  5th.  In  beams  having  siuiilar  sections  but  different 
lengths.  L  and  /  corresponding  to  hreakiiig  weigbfR  W  and  te, 
the  relations  are  oTprcKsed  by  the  equation  to  =  H*  X  W  x  L 
-~  I,  in  which  R  =  tlio  linear  ratio  of  the  two  sections.  Thus, 
with  the  cast-iron  girder  D  in  Fig.  1.53,  we  have  W  =  1,  and 
L  =  5 ,  then  companng  with  the  girder  F,  we  have  R  =  3, 
from  which  we  obtain  the  relative  breaking  weight  of  F  =  3' 
Xlx5-^15  =  d;  that  is  to  say,  if  tho  breaking  weight  of 
D  =  1,  that  of  F  will  he  9.  Similarly,  reasoning  from  D  to  E, 
we  have  R  =  2,  and  w  comes  out  2'  x  1  X  5  -r  10  =  4,  the 
relative  breaking  weight  of  E,  &c. 

(461.)  6th.  The  breaking  weights  of  similar  beams  are  to 
each  other  as  the  squares  of  their  linear  dimensions.  Thus, 
with  Pigs.  152,  153,  in  A,  B,  C,  or  in  D,  E,  F,  tho  ratio  of  the 
linear  dimensiona  is  1,  2,  3,  and  1",  2',  3',  or  1,  4,  9,  is  tho  ratio 
of  the  breaking  weights,  as  given  by  the  figures  and  shown  by 
(460).  (151). 

(462.)  7th.  In  beams  of  similar  sections  the  cube-root  of  the 
breaking  weights  multiplied  by  tho  respective  lengths,  is  in  the 
simple  ratio  of  the  linear  dimensions,  or  ^  W  x  L  =  R. 
Thus,  in  the  tubular  beams  A,  B,  C,  we  have  breaking  weights 
in  the  ratio  1,  4,  9,  corresponding  to  lengths  in  the  ratio  4,  8, 
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12;    then  we  have    4^1  x  4  =  1-587;    4^4  x  8  =  3-174; 

and  1/9  x  12  -  4*762,  which  are  in  the  linear  ratio  of  the 
sections,  or  1,  2,  3.     Similarly  with  the  cast-iron  girders  D,  E, 

F,  in  Fig.  153,  we  have  4/Tx~6  =  1-71;  4^4x~l0  =  3-42; 
and  ^9  X  15  =  5*13;  which  are  still  in  the  linear  ratio  of 
the  sections,  or  1,2, 3.  This  rule  will  be  found  useful  in  giving 
the  sizes  for  "  Unit "  girders,  or  girders  for  a  load  =  1-0  with 
a  length  =  1*0,  from  which  the  sizes  necessary  for  any  load 
and  leugth  are  easily  obtained  from  direct  experiment  on  beams 
of  any  size  or  form  (485). 

(463.)  8th.  The  breaking  weights  of  similar  cast-iron  girders 
are  to  each  other  as  the  areas  of  their  bottom  flanges.  Thus,  in 
the  girders  D,  E,  F,  Fig.  153,  the  areas  of  the  bottom  flanges 
are  4,  16,  and  36  square  inches  respectively,  or  in  the  ratio 
1,  4,  9,  which  is  also  the  ratio  of  the  breaking  weights. 

(464.)  9th.  The  breaking  weights  of  girders  of  similar  sec- 
tions are  to  each  other  as  the  areas  of  their  bottom  flanges, 
multiplied  by  the  respective  depths,  and  by  a  constant  adapted 
to  the  particular  form  of  section,  divided  by  the  length  between 
supports,  or — 

(465.)  W  =  a  X  d  X  M-r-/. 

(466.)  a=(W  xl)^{dx  M). 

(467.)  M  =  (W  X  0  -T-  («  X  ^)- 

In  which  a  =  the  area  of  the  bottom  flauge  in  square  inches, 
and  the  rest  as  in  (458).  The  value  of  M  will  vary  with  the 
form  of  section ;  for  the  section  given  by  Fig.  153  it  is  22  -  68 
for  tons:— thus  with  F  we  have  (54*441  X  180)  -r-  (36  x  12) 
=  22*68  =M. 

For  the  form  of  section  recommended  by  Mr.  Hodgkinson 
(351)  and  Fig.  79,  with  top  and  bottom  flanges  having  areas  in 
the  ratio  1  to  6,  he  gives  the  value  of  M  at  26,  for  finding  the 
breaking  weight  in  tons.  With  that  value  for  M,  we  obtain  for 
the  girder  D,  4  X  4  x  26 -^  60  =  6*933  tons :  for  E,  16  X  8 
X  26  -r  120  =  27*73  tons;  and  for  F,  36  x  12  x  26  -r-  180 
=  62*4  tons,  and  those  breaking  weights  are  in  the  ratio  1,  4, 
9,  as  in  Fig.  153. 
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(468.)  lOtb.  In  similar  beams  the  weights  of  the  beams  be- 
tween supports  are  proportional  to  the  cubes  of  the  linear  ratio 
of  the  dimensions.  Thus,  in  Figs.  152,  158,  the  linear  ratio 
being  1,  2,  3,  we  have  1»,  2»,  3^,  or  1,  8,  27,  which  is  also  the 
ratio  of  the  weights  of  the  beams. 

We  may  now  give  some  illustrations  of  the  application  of 
these  laws  to  cases  in  practice. 

(469.)  The  6th  law  in  (461)  states  that  the  breaking  weights 
of  similar  beams  are  to  each  other  as  the  squares  of  their  linear 
dimensions.  Mr.  Hodgkinson  made  some  experiments  with  the 
special  object  of  testing  the  accuracy  of  this  law  as  applied 
to  tubular  beams.  These  experiments  had  particular  reference 
to  the  great  Britannia  and  Conway  bridges,  in  which  tubular 
beams  were  used  for  the  first  time  on  a  large  scale.  Little 
or  nothing  was  at  that  time  known  of  the  strength  of  beams 
of  the  tubular  form,  and  it  was  highly  necessary  that  the  theo- 
retical laws  should  be  checked  by  experiment.  In  Table  78  the 
beams  are  grouped  together  in  pairs,  selected  so  as  to  be 
«<  similar  "  in  all  respects  as  nearly  as  possible,  but  also  very 
different  in  dimensions,  the  special  object  being  to  show  how  far 
the  strength  of  a  large  Tubular  beam  could  be  calculated  with 
accuracy  from  that  of  its  small  fellow.  Of  course  it  was  impos- 
sible in  practice  to  preserve  precisely  any  given  ratio  between 
all  the  dimensions ;  for  instance,  in  Nos.  9  and  10  the  ratio 
intended  was  1  to  12,  as  in  col.  6,  but  the  actual  ratios  of  the 
depths,  breadths,  and  thicknesses  of  plate  were  11*92,  12*31, 
and  12*29  respectively,  as  shown  by  cols.  7,  8,  and  9.  The 
best  that  can  be  done  under  these  circumstances  is  to  take  the 
mean  ratio  of  the  four  dimensions  as  the  general  ratio  or  value 
of  R,  and  this  is  given  by  col.  10  =  12  *  13. 

(470.)  Now,  the  experimental  breaking  weight  of  the  small 
beam  of  this  pair,  as  given  by  col.  2,  is  1*127  ton,  and  12*13^ 
being  147*1,  we  obtain  1*127  X  147*1  =  165*8  tons  as  the 
strength  of  the  large  beam,  coL  14.  But  experiment  gave 
118*02  tons  only,  hence  we  have  165*8 -r- 118*02  =  1*405,  or 
an  error  of  -|-  40*5  per  cent.,  as  in  col.  15.  Calculating  in  this 
way  throughout,  the  mean  error  of  the  whole  series  of  experi- 
ments is  -h  17*58  per  cent.,  coL  15,  showing  that  the  theoretical 
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r»iio  fi'  IB  too  high,  and  we  have  to  find  the  power  of  K  which 
will  agree  with  the  oiperiments.  Thug,  with  Nos.  9  and  10, 
the  logarithm  of  118-02  =  2-071889;  of  1-137  =  0-051924; 
M»d  of  1213=  1-083861.  Using  these  immbere  logarith- 
mieally  WB  obtain  (2-071889-0-051924)-;- l-0838iil  =  l -864, 
as  in  col.  11,  which  is  the  powei  of  the  ratio  of  tho  linear  dimen- 
sions, or  B,  agreeing  with  the  esperimentnl  eti'ongtha  of  this 
pair  of  beams,  so  thut  instead  of  K'  as  dno  by  theory,  wc  have 
K'*"  due  toeiperimcnt,  as  given  in  col.  11,  which  gives  through- 
out tho  power  of  R  for  each  pair  of  beams,  the  mean  of  the 
whole  lieing  1-9062. 

(471.)  We  miiy  therefore  admit  that  tho  mean  power  of  the 
ratio  governing  the  strength  of  "  similar "  tubular  beams  of 
wronght  plate-iron  is  E''  instead  of  R'  due  by  theory :  the 
effect  of  this  apparently  small  difTsrence  is  in  extreme  cases  vecy 
great,  as  sttown  in  (482). 

Gol.  12  has  been  calculated  by  that  ratio  thronghont;  thns, 
in  Nob,  9.  10.  the  mean  ratio  R  =  12-13,  tho  Ingiwithni  of  which, 
or  1-Oh^SIU  X  1-9  =  2-059336,  the  natural  number  duo  to 
which  is  ll'l-li5  ; — then  tho  breaking  weight  of  tho  small  tube 
being  1-127  ton,  wo  obtain  1-127  x  114-C5  =  129-2  tons,  the 
breaking  weight  of  tho  large  tube,  ns  iu  col.  12.  Experiment 
gave  118-02  tons,  hence  we  have  129-2-M18-02  =  1-095, 
or  an  error  of  -j-  9  ■  5  per  cent.,  col.  13  ;  the  mean  error  of  the 
whole  series  an  thus  ealcuhited  is  —  0'7  per  cent,  only, 

{47:i.)  With  the  modification  of  K"  instead  of  R',  the  cor- 
rectness of  the  theoretical  law  is  fairly  borne  out  by  tho  experi- 
ments. The  rule  was  thus  tested  because  there  was  some  doubt 
whetlicr  it  would  hold  in  the  case  of  tubular  beams  made  with 
thin  plates  of  wrought  iron,  which  have  a  tendency  to  fail  by 
WTiukliiig  witli  a  strain  much  lower  than  is  necessary  to  crush 
the  material.  But  it  is  shown  in  (316)  that  when  the  thickness 
and  breadth  of  llic  plate  subjected  to  eorapression  are  both 
increased  ju  the  samo  ratio,  which  of  course  is  the  ease  with 
"similar"  lieams,  the  Wrinkling  strain  per  square  inch  remains 
constant,  the  rule  (308)  being  W„  =  ^/  (^  -^  ''w  X  104.  ThuB, 
with  three  plates  of  tho  respeetivo  thicknesses  t'o>  i"fi>  i'a  inch, 
and  breadths  10,  20,  30  inches,  we  have    V^l  -^10  X  104 
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=  10-4;  V -2-7-  20  X  104  =  10-4;  and  ^-3  4-30  X  104 
=  10*4  tons  per  square  inch,  Ww  being  constant.  Table  78 
shows  that  this  law  is  correct  as  applied  to  tabular  beams,  even 
with  such  a  ratio  in  the  sizes  as  12  to  1,  and  as  illustrated  by 
Fig.  100. 

(473.)  "  Conway  Tube" — We  may  now  apply  this  law  to  the 
calculation  of  the  strength  of  the  great  tube  of  the  Conway 
Bridge.  A  large  model  tube  was  made,  75  feet  long  between 
bearings,  and  when  the  best  proportions  of  the  areas  at  the  top 
and  bottom  had  been  decided  by  many  experiments,  the  tube 
was  finally  broken  with  86  *  25  tons  in  the  centre  ;  but  the  weight 
of  the  tube  itself  was  5  *  8  tons,  which,  being  a  distributed  loaci, 
is  equivalent  to  5*8-t-2  =  2-9  tons  in  the  centre ;  the  tolal 
breaking  load  was  therefore  86*25  +  2*9  =  89*15  tons. 

The  breaking  weight  of  similar  beams  being  by  the  modified 
rule  (471)  proportional  to  R***,  the  length  of  the  model  tube 
75  feet,  and  of  the  Conway  tube  400  feet,  we  get  89*  15  x  400*"* 
-1. 75^'*  =  2145  tons,  the  details  of  the  calculation  being  as 
follows.  The  logarithm  of  400,  or  2  *  602  x  1  •  9  =  4  *  9438,  the 
natural  number  due  to  which,  or  87,870,  is  the  1  •  9  power  of 
400 :  then  the  log.  of  75,  or  1  •  875  x  1  *  9  =  3  *  5625,  the  natural 
number  due  to  which,  or  3652,  is  the  1  •  9  power  of  75.  The 
breaking  weight  of  the  model  tube,  or  89*15  x  87870  -f-  3652 
=  2145  tons  in  the  centre,  the  total  gross  breaking  weight  of 
the  Conway  tube. 

(474.)  By  the  10th  law  (468)  the  weights  of  similar  beams 
are  proportional  to  the  cubes  of  the  linear  dimensions : — in  our 
case  we  have  5*8  x  400'  -r-  75'  =  880  tons:  the  actual  weight 
of  the  Conway  tube,  424  feet  long,  was  1146  tons,  but  between 
bearings  400  feet  apart,  it  would  be  about  1146  X  400  -r-  424 
=  1080  tons,  which,  being  a  distributed  load,  is  equivalent  to 
540  tons  in  the  centre,  hence  the  useful  load  would  be  2145  — 
540  =  1605  tons  in  the  centre.  It  was  found  necessary,  in 
order  to  resist  the  shearing  strain  (403)  at  the  bearings,  to 
introduce  about  300  tons  of  oast-iron  frames,  but  as  these  wore 
principally  at  the  ends  they  would  not  sensibly  increase  the 
load  upon  the  beam. 

(475.)  The  model  tube  was  in  this  case  made  of  the  largest 
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prncticnble  dimensions,  tlie  ratio  to  tlie  large  tube  being  ae 
1-0  to  5 '34,  iLDd  tbis  was  doubttotts  the  most  prudent  coaree  to 
adopt.  But  as  a  matter  of  fact,  and  a  wonderful  Ulnstrfttion  of 
tbe  eorrectnese  of  the  law  R",  wo  may  show  that  the  strength 
of  tbe  great  tube  at  Conway,  400  feet  span  and  weighing  1080 
tone,  may  be  calcalatud  with  approximate  accnrocy  from  the 
oxporiraoiital  strength  of  a  little  model  3J  foot  span,  weighing 
only  4^  Ibe.  In  this  case  tbe  ratio  of  tlie  dimensions  is 
400 -^ "a- 75  =  106 -7  to  1-0:  the  log.  of  IOC' 7  or  2-0281G4  X 
1-9  =  3-8535,  the  natural  nnmber  due  to  which,  or  7137  1!  is 
the  ratio  of  the  breaking  weights.  By  col.  2  in  Table  78  the 
breaking  load  of  the  little  model  No.  8  was  0-8009  ton.  hence 
the  strength  of  the  great  tube  would  he  0-3009  X  7137  = 
2147  tons,  (lifTcring  very  little  from  2145  tons  ae  found  in  (473) 
from  the  strength  of  the  75~foot  model.  Thou  following  oat  the 
i-atiti  we  may  obtain  the  general  ilimensionB  of  the  great  tnbe 
from  those  of  the  little  one;  thoe,  the  depth  of  the  little  tnbe 
lieiug  3  inches  or  '26  feet,  that  of  the  great  one  comes  ont 
-2S  X  106-7  =  26 '7  feet:  the  actual  depth  was  25-5  feet. 
The  breadth  would  be  106 -7  X  1-9-M2  =  16-8  feet,  the  actual 
breadth  =14-7  feet.  The  thickness  of  plate  comes  out  -03  x 
106-7  =  3-2  inches,  and  the  width  of  the  top  plate  being  16-8 
feet  or  202  inches,  the  area  at  the  top  would  be  202  X  3-2  = 
646  Rquai-e  inches  :  the  uetnal  area  was  565  sqiiare  inches,  &c., 
tvhich  for  practical  reusons  was  arranged  as  cells  of  thin  plate- 
ii-ou  j  inch  thick. 

If,  in  calculating  the  strength  of  the  Conway  tube  from  the 
75-foot  model,  wo  had  taken  the  theoretical  ratio  K*,  we  should 
obtain  89-15  x  400'  -^  75'  =  2536  tons  in  the  centre  breaking 
weight,  or  2536  -  540  =  1996  tons  net,  eiclusive  of  the  weight 
of  the  tube  itself. 

(476.)  It  is  an  inconvenience  of  this  Cth  law  (461)  that  all 
tlie  dimensions  should  be  in  an  exact  given  ratio,  a  condition 
that  in  sometimes  difficult  to  fulfil  in  practice.  Tbe  third  law 
(455)  is  more  clastic,  for  though  the  value  of  M  is  adapted 
strictly  only  to  beams  that  are  mathematically  "  similar,"  still 
small  departures  from  that  primary  condition  are  nnimpurtont, 
and  variations  iu  the  dimensions  arc  met  by  the  rule. 
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Applying  this  3rd  law  to  the  75-foot  model  tube  and  the 
Conway  Bridge  as  before,  we  have  the  areas  of  the  whole  cross- 
section  55  *  47,  and  1530  square  inches  respectiyely.  Then,  the 
model  tube  being  4  *  5  feet  deep,  we  get  the  value  of  M  by  the 
rule  M  =  (W  X  L)  -T-  (a  X  D),  which,  taking  L  and  D  both 
in  feet,  becomes  in  our  case  (89 '15  x  75) -^(55*47  X  4*5) 
=  26*8  the  value  of  M.  In  the  Conway  tube  L  =  400, 
D  =  25  *  5,  and  a  =  1530  square  inches ;  hence  the  rule  W  s 
a  X  D  X  M  -^  L,  becomes  1530  x  25-5  x  26-8  -?-  400  = 
2614  tons  gross,  or  2614  —  540  =  2074  tons  net  central  break- 
ing weight.  This  differs  but  little  from  1996  tons  as  found  by 
the  6th  law  in  (475),  where  the  theoretical  ratio  B'  is  taken  as 
a  basis,  but  is  much  in  excess  of  1605  tons  as  found  in  (473) 
with  the  corrected  experimental  ratio  R^'*,  which  is  unques- 
tionably the  most  correct. 

(477.)  The  1st  law  in  (453),  that  the  breaking  weights  of 
similar  beams  are  simply  proportional  to  their  respective  cross- 
sectional  areas,  may  be  illustrated  from  the  same  examples. 
Thus,  the  areas  being  55  *  47,  and  1530  square  inches,  and  the 
gross  breaking  weight  of  the  small  tube  being  89  *  15  tons,  that 
of  the  large  one  will  be  89-15  X  1530  4-  55-47  =  2459  tons 
gross,  or  2459  -  540  =  1919  tons  net. 

(478.)  The  9th  law  (464)  gives  us  valuable  practical  rules 
for  cast-iron  girders  more  particularly: — ^thus  for  the  propor- 
tions recommended  by  Mr.  Hodgkinson,  where  the  flanges  haye 
areas  in  the  ratio  of  6  to  1,  he  gives,  from  his  own  experiments, 
the  value  of  M  at  26  for  the  breaking  weight  in  tons.  Fig.  79 
gives  the  section  of  large  girders  experimented  upon  by  Mr. 
Owen  (see  Table  68) :  the  mean  breaking  weight  by  thirteen 
experiments  was  38*3  tons  with  a  length  of  16  feet  between 
bearings.  The  area  of  the  flanges  was  6  to  1,  and  that  of  the 
bottom  one  1-75  X  12  =  21  square  inches;  then  the  rule 
W=ax<2x  M-r^,  becomes  21  X  14  X  26  4-  192  =  39-81 
tons.  The  multiplier  26  is  strictly  applicable  only  to  girders 
with  flanges  in  the  proportions  of  6  to  1.     (See  351.) 

(479.)  This  law  may  also  be  applied  to  plate-iron  tubular 
beams ;  but  some  caution  is  necessary  here,  because  the  rule, 
taking  the  bottom  flange  alone  as  the  index  of  the  strength,  pre- 
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BUppOBes  that  the  other  parts  of  the  heam,  ench  as  the  top 
plate,  &c.,  are  not  weaker  than  the  bottom  flange  or  plate,  &<s. 
In  east-irou  girders  this  condition  in  generally  realised,  becunse 
the  tensile  BtreDf^th  of  caet  iroa  is  onlj  Jth  of  ita  compres- 
HiTO  strength,  and  for  that  rooeou  the  bottom  flongo  ie  iiBually 
the  weak  part.  But  with  wrought  iron,  although  the  tensile 
and  cranhing  strains  are  nearly  equal  (377),  the  tendency 
of  thill  plates  to  wrinkle  or  comigate  with  less  thau  the  crush- 
ing strain,  cauaes  the  top  flange  or  plate  to  ho  frequently  the 
weak  memlier,  and  therefore  to  govern  the  case. 

(480.)  Taking  again  the  75-foot  mo<lel  tube:  after  the  top 
plato  had  been  duly  strengthened  until  the  beam  failed  by  the 
bottom  plato  giving  way  under  the  tensile  strain,  we  had  an 
area  of  32'45  square  inches  at  tho  bottom,  with  a  depth  of  4'a 
feet,  and  a  length  of  75  foot.  In  the  Conway  tube  the  bottom 
urea  was  500  square  inches,  the  depth  25*6  feet,  and  tho  length 
400  feet :  hence  the  rule  M  =  (W  X  L)  -i-  (a  X  B),  taking 
L  and  D  in  feet,  becomes  (89  ■  15  x  75)  -J-  (22  ■  45  x  4  ■  5)  =  66. 
Then  for  the  Conwiiy  tube,  the  rule  W  =  (ixDxM-^L, 
becomes  .500  x  25-5  x  OG  4-400  =  2104  tons  gross,  or  2104  - 
540  =  1564  tons  net. 

(481.)  Wc  have  thus  obtained  hy  different  rules  various 
values  for  tlio  strength  of  the  Conway  tube ;  the  variatifins  are 
not  very  great,  and  any  of  tho  results  are  sufficiently  correct  for 
the  requirements  of  practice,  a  fimaU  error  being  iu  nny  case 
amply  covered  by  the  Factor  of  Safety,  which  for  a  Railway 
Bridge  would  not  be  less  than  6.     Collecting  these  results ; — 

By  Kulo  6,  with  R'"  we  found  in  (473)  2145  tons,  gross. 

G,     „     R'  „  (475)  2530     „ 

3,  ..  „  (47G)  2614     „ 

1,  .,  „  (477)24r,n     „ 

9,  ..  „  (480)2104     „ 

(482.)  The  difference  between  E"  and  R''  in  the  Cth  law  is 
of  course  most  consideroble  when  R,  or  the  difference  in  the 
sizes  of  the  model  and  the  beam,  is  very  great,  and  in  such  caaeB 
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more  particularly  the  6th  Rule  (461)  will  no  douht  with  E'*' 
give  more  correct  results  than  any  of  the  others.  For  instance, 
if  we  calculate  the  strength  of  the  Conway  tube  from  that  of  the 
little  model  as  in  (475)  by  the  6th  law  as  before,  but  with 
R*  instead  of  R*'*,  we  should  have  a  difference  or  error  of 
59  per  cent.  The  ratio  R  is  in  this  case  106*7  to  1,  hence  we 
obtain  0-3092  x  106-7*  =  3520  tons  gross,  instead  of  2207  tons 
as  in  (475)  ;  a  difference  of  3520  -r-  2207  =  1  -  59,  or  +  59  per 
cent. ;  this  being  due  to  the  difference  between  106  '7'  =  11385, 
andl06-7»-^  =  7137. 

(483.)  The  7th  law  in  (462)  is  a  very  useful  one,  enabling  us 
to  reason  direct  from  a  girder  of  any  form  whose  strength  is 
known  by  experiment,  to  another  similar  girder  for  any  span 
and  load  whose  sizes  we  require.  For  instance.  Fig.  156  is  the 
section  of  a  cast-iron  girder  4^  feet  between  bearings,  whose 
breaking  weight  was  found  by  Mr.  Hodgkinson  to  be  6-456 
tons  in  the  centre.  Now,  say  that  we  require  to  find  from  this 
the  sizes  for  a  girder  of  similar  section,  to  bear  safely  20  tons 
in  the  centre,  with  a  length  of  25  feet.  With  Factor  3,  we 
have  20  X  3  =  60  tons  breaking  weight:— then  by  Rule  7, 
putting  w  and  I  for  the  breaking  weight  and  length  of  the 
experimental  girder,  and  W  and  L  for  the  breaking  weight  and 
length  of  the  girder  required,  we  have : — 


(484.)  Mo  =  4^  W  X  L  .^  ifwxl, 

which  in  our  case  becomes  ^  60  X  25  -r  ^6-456  X  4-5  =  3'71, 
the  value  of  Mo?  &  multiplier,  which,  applied  to  all  the  cross- 
sectional  dimensions  of  Fig.  156,  will  give  the  corresponding 
dimensions  of  Fig.  157.  Thus,  for  the  depth  we  have 
5-125  X  3-71  =  19  inches;  for  the  breadth  of  the  bottom 
flange  4-16  x  3-71  =  15-43,  or  say  15  J  inches,  &c.,  Ac,  and 
we  thus  obtain  all  the  sizes  in  Fig.  157 /ram  direct  experiment 
on  a  Similar  girder. 

The  most  useful  application  of  this  method  is  in  cases  where 
for  particular  reasons  the  section  required  is  of  unusual  form, 
such  as  to  be  not  easily  calculated  by  the  ordinary  rules.  In 
such  a  case  the  most  satisfactory  course  is  to  make  a  model 
girder,  as  large  as  conveniently  possible,  which,  being  experi- 
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mentally  broken,  mil  supply  data  for  calculating  the  sizee  of 
the  girdor  required  (901). 

(485,)  "  Unit  tfiVdifrn."— The  7th  law  in  (482)  will  also 
enable  us  to  find,  from  diteet  experiment  or  otherwise,  the  eixes 
of  "  Unit"  girders  1  foot  long  with  a  breaking  weight  of  1  ton, 
from  which  wo  may  easily  obtain  the  sizes  noceseary  tax 
similar  girders  with  other  loads  and  lengths  by  the  Rule : — 

(486.)  Mc  =  ^  yf^TL. 

In  which  W  =  the  Iwul  on  the  centre  of  the  girder  in  lbs.,  tons, 
&C.,  dependent  on  M|-;  L  ~  the  length  in  feet,  and  Mu  =  a  con- 
stant. Thus,  taking  again  the  girder,  Fig.  166,  the  rule  in  onr 
case  becomes  Mo  =  v6'i56  X  4'5  =  3'074: — now  dividing 
all  the  crose-sectional  dimenaione  of  Fig.  156  by  3'074,  W6 
gbtain  the  corrcBponding  sizes  of  the  "dnit"  girder.  Fig.  160: 
thus  for  the  depth  wo  obtain  S-125 -^3-074  =  1-667:  for  the 
bottom  flange  4- 16  H- 8-071  =  1*353  inch,  Ac,  t&o. 

(487.)  Then,  to  apply  this  to  other  cases,  Bay  for  a  fjirdet  as 
in  (IH:!).  i\(\  toriB  brtiukiui;  weight  ami  25  foot  li.ng,  tbo  rule 
^"W  X  L  =  M,  boooiiics  ^(10  X  -Jj  =  11-4,  und  by  multi- 
plying all  the  crosB-sectional  sizes  of  the  "  Unit "  girder. 
Fig.  IGO,  by  11-4  we  obtain  the  corresponding  sizes  for  the 
girder  required.  Thus,  the  depth  will  he  1 -(367  x  11-4  =  19 
inches;  the  width  of  bottom  flange,  1'353  X  11'4  =  15-4,  say 
15^  inches,  &c,,  &c.,  as  in  Fig.  157. 

We  have  thus  obtained  the  scries  of  "Unit"  girders,  Figs. 
158  to  163,  any  one  of  whicii  may  be  used  iu  the  way  we  have 
illustrated :  all  of  these  Uuit  sections  have  been  calculated  from 
girders  eiperimentcd  upon  by  Mr.  HodgkiuHOn.  In  making  a 
seloctioa  we  should  bo  guided  by  the  sjwcial  requirements  of 
practice ; — fur  instance,  where  great  stiffuctis  is  required,  Bay 
for  carrying  a  water-tank,  where  considerable  deflection  would 
strain  aud  endanger  the  joints,  ire  should  select  a  deep  one,  such 
as  Fig.  159 ;  in  other  cases  great  depth  might  bo  iuadmiseiblo, 
and  say  Fig.  1C2  would  be  selectwl;  in  other  cases  we  may 
require  a  wide  top  flange  for  a  Bressummer  to  carry  a  wall, 
and  Fig.  158  would  be  the  most  suitable,  &c.  See  (618)  and 
Fig.  208. 
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(488.)  «  Effect  of  the  Weight  of  the  Beam  itself:*— The  laws 
for  "  Similar  Beams  "  will  enable  us  to  show  most  clearly  the 
effect  of  the  weight  of  the  beam  itself  on  the  total  load  which  it 
can  bear.  It  is  important  to  remember  that  the  breaking  weight 
of  a  beam  must  always  be  composed  of  two  different  loads,  one 
being  the  weight  of  the  beam  itself,  and  the  other  the  extra  load 
laid  upon  it ;  moreover,  that  the  proportion  between  these  two 
is  very  variable  (490).  In  short  beams,  the  weight  bears  a 
very  small  proportion  to  the  load,  and  in  most  ordinary  cases 
may  be  safely  neglected,  but  with  long  beams,  the  proportion 
rises  with  the  length,  until  the  whole  strength  of  the  beam  is 
required  to  carry  its  own  weight,  and  it  can  bear  no  extra  load 
whatever  (492).  In  the  large  tube  of  the  Conway  Bridge  the 
weight  was  1080  tons  (474),  which  is  equivalent  to  1080  -f-  2 
=  540  tons  in  the  centre,  and  this  is  about  ^th  of.  the 
total  strength  of  the  beam,  or  2145  tons,  as  calculated  in 
(473). 

(489.)  If  we  take  a  series  of  "  Similar  "  beams,  with  lengths 
and  all  other  dimensions  in  the  ratio  1,  2,  3  ....  10,  the  6th 
law  in  (461)  shows  that  the  breaking  weights  will  be  propor- 
tional to  the  squares  of  those  numbers,  and  by  the  10th  law  in 
(468)  the  weights  of  the  beams  will  be  as  the  cubes.  Thus, 
with  beams  having  all  their  dimensions,  lengths,  depths, 
breadths,  and  thicknesses  in  the  ratio : — 

123456789  10 

the  total  breaking  weights  taken  as  a  distributed  load,  including 
the  strain  from  the  weight  of  the  beam  itself,  would  be  in  the 
ratio  of  the  squares  of  those  numbers  (461),  say 

10        40        90      160        250     360      490      640      810      1000 

Now,  say  that  the  weights  of  the  beams  between  supports, 
being  by  (468)  in  the  ratio  of  the  cubes  of  the  dimensions, 
are: — 

1  8        27        64        125      216      343      572      729      1000 

Then,  the  useful  load  borne,  over  and  above  the  weights  of  the 
beams  themselves,  would  obviously  be  found  by  deducting  the 


weight  of  tbo  beam  from  the  total  breaking  loaJ,  and 
bocomc: — 

9        32        63        flu        IW      HI      117      12S       KI  I) 

Hence,  with  the  Bmnllest  baam  of  the  BcricB,  tho  weight  of  the 
beam  itself  ie  y'^jth,  and  the  useful  load  ra^^'^  "^  ^^^  total 
etrength : — with  the  length,  &c,  =  5,  the  weight  of  the  beam 
is  J,  and  tlio  ueoful  load  ^  the  total  strength.  But  ttith  the 
largoiit  beam  of  the  scries,  the  weight  of  tlie  beam  itself  is 
oqiial  to  the  totiil  strengtb,  and  it  can  bear  no  useful  load 
whnteTer. 

(490.)  Wo  have  seen  (488)  that  with  tho  large  Conway  tube 
the  weight  of  the  beam  wob  jth  of  the  total  strength.  With  the 
75-f.Mt  model  tube  {473}  it  was  2- !)  -^  89  •  15  =  ■  0325,  or  ^th  of 
the  total  strength.  With  the  littlo  iiio<lol  tubo  No.  8  in  Table 
78,  thu  weight  between  eupports  was  4 '34  lbs.,  equivalent  to 
4-34-^3  =  2-17  IhB.  in  the  centn,  and  the  total  breaking 
weight  being  672  +  2  =  674  Iba.,  the  weight  of  the  beam  is 
2-174-674  -  ■  00322,  or  ^l^th  of  tho  t^.tal  Htr.^ngth. 

(491.)  ^^  Effect  loith  Large  Beaina." — Witii  very  large  beams 
the  cfl'uct  of  the  strain  due  to  tho  weight  of  the  tube  ix  to  com- 
plicate couKiderably  tlio  npplication  of  tho  "  Factor  of  Safety." 
The  majority  of  our  leading  Engineers  admit  6  as  tho  value  of 
that  Factor  for  Riiilway  bridges,  or  that  the  beam  may  be 
strained  to  J^tli  of  its  breaking  weight  only,  for  a  niiiving  load 
such  as  a  train.  But  wc  have  seen  that  in  tho  case  of  the 
Conway  tube  the  weight  of  the  tul>c  alone  strains  the  structure 
for  beyond  that  limit,  in  fact  to  ^th  of  tho  breaking  weight; 
hence  the  highest  possible  Factor  =  4.  Thus  the  calculated 
breaking  weight  of  that  tube  by  the  most  correct  method  of 
calculation  (473)  being  2145  tons,  tiie  safe  load  with  Factor  6 
is  2145  -^  6  =  358  tons,  but  as  we  have  seen  (474)  tho  strain 
duo  to  the  weight  of  the  tube  itself  is  510  tons. 

It  is  shown,  however,  in  (839)  that  in  most  cases  tho  strain 
produced  by  a  rapid  tiain  is  very  little  greater  than  that  due  to 
a  dead  load,  for  which,  as  shown  by  (885),  (88G).  tlie  Factor  for 
cast  or  wrought  iron  may  be  taken  at  3.  'i'hoii,  with  tho 
Conway  tube  wo  obtain  2143  -r  3  =  715  tons  total  safe  load. 
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and  as  the  strain  due  to  the  weight  of  the  tube  is  540  tons,  we 
have  715  —  540  =  175  tons  for  the  weight  of  the  train. 

(492.)  It  may  easily  be  shown  that  if  the  length  of  the 
Conway  tube  were  doubled,  the  span  becoming  800  feet,  and  all 
the  cross-seqtional  dimensions  were  retained,  the  beam  would 
break  with  its  own  weight ;  for  obviously  the  breaking  load 
would  be  reduced  to  half  or  to  2145  -^  2  =  1073  tons,  while 
the  weight  of  the  beam  being  doubled  becomes  540  X  2  =  1080 
tons. 

If,  on  the  other  hand,  all  the  dimensions  were  increased  in 
the  name  ratio,  the  length  with  which  the  beam  would  break 
with  its  own  weight  would  be  1600  feet,  or  4  times  its  present 
span.  In  that  case,  the  breaking  weight  increasing  as  the 
square  of  the  dimensions  becomes  2145  X  4^  =  34320  tons,  and 
the  weight  of  the  tube  itself  increasing  as  the  cube  of  the 
dimensions  becomes  540  x  4?  =  34560  tons,  &c.  We  have 
here,  however,  taken  the  theoretical  ratio  R'  instead  of  the  more 
correct  experimental  ratio  B}'^  (4=71). 


CHAPTER.  XII. 


THE   CONNECTION   OF   THE   TENSILE   AND   CBUSHINO   STBAINS   WITH 

THE   TRANSVEBSE    STBAIN. 

(493.)  When  a  beam  is  fixed  at  one  end  and  loaded  at  the 
other,  the  transverse  strain  is  resolved  into  a  tensile  one  at  the 
upper  part  of  the  section,  and  a  crushing  one  at  the  lower  part. 
There  is  therefore  an  intimate  connection  between  the  trans- 
verse strength  of  a  material,  and  its  strength  in  resisting  tensile 
and  crushing  strains,  and  our  present  object  is  to  investigate 
the  nature  of  that  connection,  and  to  obtain  rules  that  will 
enable  us  to  calculate  any  one  of  those  three  strains,  when  the 
other  two  are  known  by  experiment. 

(494.)  Let  Fig.  165  be  a  beam  or  cantilever  built  into  a  wall 
and  unloaded,  the  depth  being  20  inches,  the  breadth  1  inch, 
and  the  length  100  inches.     Fig.  166  is  the  same  beam  loaded 
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at  tbe  ond  with  a  weight  W,  tho  tendency  of  which  is  to  cause 
the  beiim  to  rotate  round  the  "neutral  aiis"  N,  A.,  the  fibres 
abOTe  that  line  being  etretehed  in  a  ratio  increasing  in  Bimplo 
arithmetical  progreBsion  from  the  neutral  axis,  where  it  ia 
nothing,  to  the  upper  edge  of  the  section,  where  it  is  a  maxiiaum, 
and  if  we  admit  that  the  strains  are  simply  proportional  to  tho 
eitensions  (which  is  not  strictly  true  (604) ),  those  atratns  will 
obviously  incn»se  in  arithmetical  progression  also,  and  it  will 
follow  that  if  the  beam  is  loaded  up  to  tho  point  of  mptnre,  it 
will  give  way  ut  first  by  tho  fracture  of  the  upper  fibres,  tbe 
rest  following  in  suecoBsion.  Obviously,  the  fibres  below  tho 
neutral  aiifi  are  compressed  and  subjected  to  a  cmebing  strain 
increasing  from  the  neutral  axis  to  the  loner  edge  of  the  section, 
where  it  becomes  a  maximum. 

(495.)  If  tho  tensile  and  ernsbing  strengths  are  eqnal  to  one 
another,  the  neutral  axis  will  be  in  tbe  centre  of  the  section  as 
iu  Fig.  166  :  Bseuming  for  illustration  that  they  tire  thus  equal, 
and  that  tho  maximum  strength  is  10  tons  per  square  inch,  we 
have  in  Fig.  164  a  section  of  the  beam  to  a  larger  scale,  and 
can  calculate  the  strains  on  each  square  iuch  of  that  section, 
also  the  leverage  with  which  it  acts  ;  and  its  effect  is  sustaining 
a  load  at  W,  in  Fig.  ICC. 

Thus,  tho  square  inch  B  is  strained  with  10  tons  per  square 
inch  at  its  upper  edge,  and  0  tons  at  the  lower  edge :  tho  mean 
is  9  •  5  tons,  which,  acting  with  a  leverage  of  9  ■  ,5  inches  (namely, 
the  distance  from  its  centre  <>{  gravity  to  the  neuti-al  axis),  will 
exert,  in  sustaining  a  load  at  W,  a  strain  of  'J'&  x  9'5  -^  100 
=  ■  9025  ton.  Similarly,  D  gives  8 '  5  X  8  ■  5  -f-  100  =  ■  7225 
ton ;  following  out  the  calculation  in  this  way  throughout,  the 
sum  of  the  whole  seri(i8  of  strains  for  that  half  of  the  section 
subjected  to  tension  will  come  out  3 '325  tons:  if  the  series  hod 
been  infinite  the  sum   of  the    resistances    would    have  been 

We  might  have  obtained  the  same  result  more  easily  by 
multiplying  tliu  whole  area  10,  by  the  mean  strain  5,  and  hy 
the  mean  leverage  5,  and  taking  ^  of  that  prodact ;  thus  10x5 
X  5  X  S  -^  100  =  3;i  tons,  as  before. 

This  strain  is  due  to  tension  alone,  and  that  due  to  com- 
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pression  being  the  same  we  obtain  6}  at  W.  If  we  would 
convert  this  case  of  a  cantilever  load^  at  one  end,  Fig.  166, 
into  an  equivalent  beam  supported  at  each  end  and  loaded  in 
the  centre,  Fig.  167,  we  have  evidently  a  length  of  200  inches, 
a  strain  of  6§  tons  on  each  prop,  and  a  central  load  of 
13J^  tons. 

This  mode  of  calculation  may  be  expressed  by  general  Eules 
which  become^. — 

(496.)      W  =  (-^^^xdyx6xT-^(Lx4.5). 


(497.) 


^  =  (:j^^>^^y^^><G^(Lx^'b). 


(498.)       C  = 


(499.)      T  = 


W  xL  X  4-5 


{d  -  VW  X  L  X  4-5-T-(T  X  6}"  X  6 

W  X  L  x45 

id  -  VW  xL  x4-5-f-(Cx  hf  x  h 


In  which  T  =  the  mairimum   tensile  strain,  or  that  at  the 

extreme  edge  of  the   section,  per  square 

inch, 
the  maximum  crushing  strain,  or  that  at  the 

extreme  edge  of  the  section,  per  square 

inch, 
the  depth  of  rectangular  beam,  in  inches, 
the  breadth         „  „  „ 

length  of  beam,  supported  at  both  ends,  in 

feet, 
weight  in  centre  of  beam. 


C  = 


d 
b 
L 


W  = 


Of  course,  T,  0,  and  W  must  all  be  taken  in  the  same  terms, 
tons,  lbs.,  &c. 

(600.)  Applying  rule  (496)  to  the  case  of  the  beam  whose 
strength   was  investigated  analytically  in   (494),  the  length 


being  200  inclies,  or  16-G67  feet,  T  and  C  each  =  10  tonn,  ] 
d  =  20  inches,  i>  =:  1  inch,  we  obtain 

(     .J-^^ -^'X  20^ Xl  xl0-;-(16-6G7x4-5)  =  ]3-333toilB,.| 


With  a  bar  1  inch  square  and  1  foot  long  of  tho  6: 
ve  obtain 


/_      /To       . 

~  Wto  +  VTO  ■ 


lY  >;  IX  10-r(lK4-5)  =  -555toBi 

hrcaking  weight  in  the  centre.     This  it  ahonld  be  obBerved  is '  1 

^J^tli  of  T  or  C,  for  -555  X  18  =  10  tona:— thie,  however,  is 
true  only  where  the  tensile  and  crushing  strengths  ore  eq^uol  to 
one  ftDother  (638). 

(601.)  But  the  Rnles  in  {■(06),  Ac.,  will  apply  to  cases  where 
T  and  0  are  nneqiml,  which,  els  shown  by  Table  79,  ia  the  case 
with  most  mnteriftlB.  Thus,  with  cast  iron  the  moan  value  of 
T  =  7  ■142  tons  ftud  of  C  =  43  tons  per  square  inch  ;  then  a 
bar  1  iui^li  wiuare  aud  1  foot  long  will  break  transversely  with 

f  ,  ^  ^^_  X  lYxl  X  7-142^  (1x4-5)  =-8016  ton, 
V^/43+  -/VTi2         J  \   ^        I 

or  1795  Ilia,  in  the  centre.  The  mean  transverse  strength  by 
experiment  is  2063  lbs.  (335),  Lcnco  20C3  -^  1795  =  1  ■  15,  so 
that  the  calculation  shows  an  error  of  +  15  per  cent. 

Vc 

(502.)  The  equation  -  _  x  d  gives  the  depth  of  that 

part  of  the  section  subjected  to  tension ;  tliiis  with  cast  iron 

VT3' 6-.5.^>7  „  6-5.57 

^'43+/7"-142^  '°''G-5i 
hence  the  depth  of  the  part  snbjected  to  compression  must  be 
1-0  --7104  =-2896  inch,  and  thus  we  obtain  the  position 
of  the  neutral  asis,  as  in  Fig.  168.  Similarly,  the  equation 
^/T 


VT  +  VC 


x  d  gives  the  depth  of  that  part  of  the  section 
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u-  ^  J  *                  •            .                           2-673 
subjected  to  compression,  or  in  our  case  ^        ,   op 

2*673 

-qT^q"  =  '2896  inch,  as  before.^ 

Again,  with  Ash,  T  =  16576  lbs.,  and  0  =  9023  lbs;  per 
square  inch,  and  a  bar  1  inch  square  will  have  as  the  depth 

, .    .  ,  ^   ^      .  ^9023  95 

subjected  to  tension  =    ,         ,  ,  or  ^r- ^^^  _,  or 

^  /9623+\/T6576'       95  +  128-7' 

95 
QOQ.iy  =  '4247  inch,  hence  the  depth  subjected  to  compression 

must  be  1*0  —'4247  =  *5753  inch,  and  we  thus  obtain  the 
position  of  the  neutral  axis,  as  in  Fig.  169. 

Of  all  known  materials,  glass  gives  the  greatest  inequality 
of  T  and  C,  their  ratio  to  one  another  being  1  to  11  *  78,  as 
shown  by  col.  3  of  Table  79.    With  T  =  2560  lbs.,  and  0  = 

30150  lbs.  per  square  inch,  the  equation  —= =- becomes 

V30150  173-6  173-6       ^^^, .    ^ 

.  .  ,  or  irro  /?   .   KA  /?>  ®'  oo7~rt  =  * 7734 inch,. 

V30150  +  V2560        173-6  +  50-6'       224-2  ^ 

which  is  the  depth  subjected  to  tension,  hence  1-0  —  -7734  = 
-2266  inch  for  the  depth  subjected  to  crushing,  and  we  thus 
obtain  the  neutral  axis,  as  in  Fig.  170. 

(503.)  The  rule  (498)  for  finding  C,  is  of  special  value  as 
applied  to  malleable  materials  such  as  Wrought  Iron,  Steel, 
Gun-metal,  and  Brass,  whose  resistance  to  crushing  cannot  be 
determined  with  precision  by  experiments  conducted  in  the 
usual  manner,  namely,  by  crushing  small  specimens  by  direct 
pressure,  because  the  ductile  and  semi-fluid  character  of  such 
metals  enables  them  to  fiow  or  expand  laterally  under  pressure 
to  an  almost  unlimited  extent,  instead  of  crushing  suddenly 
into  fragments  as  cast  iron  and  similar  materials  do  (133). 

(504.)  **  WroiigU  Iron."— In  applying  the  Eules  (496),  &c.,. 
to  such  materials  we  obtain  the  apparent  rather  than  the  real 
tensile  and  crushing  strengths  ;  at  least  this  is  true  with  heavy 
strains  approaching  the  ultimate  or  breaking  loads.  It  ia 
assumed  in  the  analytical  investigation  ia(494)  that  the  exten^ 
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etoiiB  and  compreBsions  are  proportional  to  tlio  distance  &om 
the  neutral  axis,  aod  that  the  t«DSilo  and  crnfihing  straina  ore 
flimply  proportional  to  the  respective  Mtonaions  and  compree- 
NioDS.  ThtB  last  aesuiaptioa  ia  practically  correct  for  light 
BtrainB  or  even  up  to  half  tlio  ultinuito  weight,  with  wroogLt 
iron  and  steel,  but  is  very  far  from  the  truth  with  heavier 
strains  na  shown  by  Table  95  :  plotting  eol.  3  in  a  diagram  and 
eliminatiag  the  anomalies  of  experiment  by  a  mean  curve  we 
obtain  for 

H        IS        16        17        18         19        eo        21        22        23        21 
tona  per  square  inch,  the  approximate  citeneions  in  parts  of  the 
length,  cleared  as  fiir  ae  jKtssible  from  the  effect  of  time  (621), 
are 
•002    0035    0054   ■0076  -0102  -0132  -0161    0198      024      03       038 

The  eitoneions  for  lower  etrains  arc  given  by  col.  4  of 
Table  96. 

(505.)  Let  Fig.  203  bo  the  section  of  a  bar  of  wrought  iron 
below  the  neutral  axis  when  strained  as  a  beam  up  to  the 
point  of  rupture,  the  maximum  etraiu  or  that  at  B  being  say 
24  tons  per  wiuaro  inch.  Now,  if  the  strains  were  simply  as 
the  extensions,  we  should  have  the  scries  given  by  col.  A  in 
that  figure,  proceeding  with  which  as  iu  (495)  we  obtain 
column  X. 


5   =        37-5 


181 '5 
253 '5 
337-5 


IS-SS 

= 

92-65 

19-55 

136-85 

21-28 

191-52 

22-25 

244 '75 

23-00 

= 

299-00 

23-70 

= 

aris-so 

1384-62 

Thus  taking  B  C  and  asBuming  the  area  =  1-0,  as  we  require 
proportional  numbers  only,  the  mean  strain  at  D  becomes  22-5, 
and  the  leverage  =  15,  hence  we  obtain  1  X  15  X  23  -  5  =  337  -  5, 
&c.,  &c.,  as  in  column  X. 


TEN8ILB  AND  OBTTSHINa  8TBAIN8  IN  BXAMB.  275 

Bnt  by  (504)  the  extension  at  B  due  to  24  tons  =*038, 
therefore  at  E,  or  half  the  distance  from  the  neutral  axis,  we 
obtain  '038-4-2  s  *019,  which,  by  the  series  of  strains  and 
corresponding  extensions  in  (504),  is  due  to  a  strain  somewhere 
between  20  and  21  tons:  by  interpolation  we  find  the  exact 
strain  to  be  20  *  76  tons,  as  in  the  figure.  Similarly  at  F,  which 
is  ^th  of  the  distance  of  B  from  the  neutral  axis,  we  obtain 
.038  -f-  4  =  -0095,  which  is  between  17  and  18  tons :  by  inter- 
polation we  obtain  17*73  tons,  as  in  the  figure.  Calculating  in 
this  way,  we  have  obtained  the  column  N :  then  taking  B,  C  as 
before,  we  have  1  x  15  x  23*7  =  355*5,  &c.,  <&c.,  as  in  col.  Z. 

(506.)  The  result  is,  that  although  the  maximum  strain  at  B 
is  the  same  in  both  cases,  namely  24  tons,  the  mean  resistance 
by  col.  Z  is  greater  than  in  col.  X  in  the  ratio  1  to  1384*62 
-f- 1020  =  1  *  36  nearly,  or  36  per  cent.  Therefore,  if  we  would 
calculate  wrought-iron  bars  by  the  rules  in  (496),  &c.,  we  must 
take  2k  fictitious  value  for  the  maximum  strain  at  B,  which  would 
become  in  effect  24  x  1*36  =  32*64  tons  per  square  inch. 
Thus,  while  the  real  maximum  tensile  and  crushing  strain 
=  24,  the  apparent  strain  by  the  ordinary  rules  is  =32*64 
tons  per  square  inch :  see  (133). 

The  near  approach  to  equality  in  the  strains  throughout  the 
section,  as  shown  by  col.  N  in  Fig.  203,  is  remarkable :  thus  at 
G,  ^th  of  the  distance  of  ^  B  from  the  neutral  axis,  the  strain 
instead  of  being  24-^-16  =  1  *  5,  is  14*  25  tons  per  square  inch. 

By  (374)  it  is  shown  that  a  bar  of  wrought  iron  1  inch  square 
and  1  foot  long  between  bearings,  and  loaded  as  a  beam,  will 
break  down  (so  far  as  that  point  can  be  definitely  fixed)  with 
4000  lbs.  or  1  *786  ton  in  the  centre.  By  the  rule  in  (638)  this 
is  equivalent  to  1*786  x  18  =  32*15  tons  per  square  inch 
maximum  strain  at  the  top  and  bottom  edges  of  the  section, 
which  far  surpasses  25*7  tons,  the  mean  tensile  strength  of 
British  bar-iron,  as  determined  by  direct  experiment  and  given 
by  Table  1.  But  32*  15  is  the  apparent^  not  the  real,  strength  of 
the  iron,  which  by  the  ratio  in  (506)  is  reduced  to  32-15 
-7-1*36  =  24  tons,  diflfering  24-7- 25*7  = -934  or  l*0-*934 
=  *066,  namely  6*6  per  cent,  only  from  the  tensile  strength  by 
direct  experiment  (520). 

T  2 


loHl'G'J  witli  tlu;  full  iiltliiiato  struin :  lu'i 
l::;84-(;i>  X  510  =  2-72    to    1-0:    while, 
tlie  maximum  straiu  (uaraely  12  to  24  ii 
mean  apparent  strain  not  to  double  only  o: 
to  2-72  X  12  =  32*64  tons,  being  the  sam. 
(507.)  "  5tefiZ."— Applying  the  rules  in  ( 
obtain  resnlts  analogous  to  those  we  hay 
iron :  for  example,  a  bar  1  inch'  square  an( 
down  with  6720  lbs.,  or  3  tons  in  the 
(876).    By  Table  1,  the  mean  tensile  stn 
=:  47  *  8  tons  per  square  inch :  then  the 

^^     __^Xl^^'^   _ 

(l  -  V3x  1  X  4-5 4- (47-8  X  l}*  X 

square  inch  apparent  crushing  strength.  "^ 
ing  strength  may  be  we  have  no  means  of  ( 
because  the  compression  of  steel  by  that  stn 
known;  but  by  the  experiments  on  steel 
resistance  to  crushing  seemed  to  be  52  t( 
(268).  If  we  admit  this  to  be  the  reed  stn 
the  apparent  strength  under  transverse  st 
ratio  61-48-7-52  =  1-18,  or  18  per  cent,  d 
of  that  obtained  for  wrought  iron  under  sim 
(508.)  Table  79  gives  the  results  of  the 
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Table  70. — Of  the  Connection  between  the  ultimate  Tbansversr 
Strength  of  Materials,  and  the  Tensile,  and  Crushing 
Strengths. 


Material. 


Cast  Iron      

„  Stirling's  No  2 
„  „         No.  3 

WroHRhtlron:  working! 

Steel :  working  load  .. 

Gnn-metal 

Brass     

Olass     

Slate      

Alder  

Ash  

Beech 

Deal  

Larch  

BCahogany 

Oak,  English 

Pine,  yellow 

w    red       

„    pitch 

Sycamore      

Teak      

WiUow 


Longitadinal  Strength  in  Lbe. 
per  Square  Inch. 


Tensile, 
T. 


16,000 
25,764 
23,461 

23,940 

60,480 

31,360 

17,970 

2,560 

2,666* 

14,186 
16,576 
14,822 
17,850 
9,560 

10,818 
12,332 
13,300 
13,300 
13,300 

13,000 
15,090 
13,250 

(1) 


OkuBliing. 
C. 


96,320 
119,457 
129,876 

23,940 

60,480 

34,652* 

24,000* 

30,150 

12,062 

6,896 
9,023 
8,548 
6,602 
4,385 

8,198 
8,271 
5,410 
6,457 
6,790 

8,144 

10,706 

4,513 

(2) 


Ratio. 
C  +  T. 


1 
1 
1 
11 
4 


Transverse  Strength  of  a 

Bar  1  Ineh  Square, 

1  Foot  L<ong. 


By 
Experi- 
ment, E. 


02 
64 
54 

00 

00 

105 

335 

78 

52 

483 
544 
577 
370 
459 

758 
670 
407 
486 
510 

626 
709 
340 

(3) 


2063 
2835 
2272 

1330 

3360 

1830 

1150 

262 

421 

530 
681 
558 
615 
380 

589 
509 
428 
491 
577 

535 
724 
365 


By 

Error.] 

Bole.  R. 

cent 

1795 

-15- 

2666 

-  6- 

2568 

+13- 

1330 

0- 

3360 

0- 

1830 

0- 

1150 

0- 

340 

+30- 

421 

0- 

545 

+  2- 

673 

-  1- 

613 

4-10- 

567 

-  7- 

346 

-  9- 

514 

-12- 

556 

+  9- 

448 

+  4- 

498 

+  1- 

514 

-10- 

566 

+  5- 

700 

-  3- 

347 

-  4- 

(5) 

(«) 

0 
0 
0 

0 

0 
0 
0 
0 
0 

85 

17 

00 

8 

0 

73 

2 

7 

4 
92 

8 

32 

93 


Note— The  values  marked  *  have  been  calculated  from  the  transverse  strengths  in 
col.  4,  ftc,  kc. 

tions.  The  sum  of  all  the  +  errors  in  col.  6  is  76  *  95,  and  of 
the  -  errors  is  70-87,  giving  an  average  of  (76-95  --  70-87) 
-7-  22  =  +  0  *  276  per  cent,  on  the  22  experiments :  the  greatest 
4-  error  was  +  80  per  cent,  with  Glass,  and  the  greatest  — 
error  was  —  15  per  cent,  with  Cast  Iron. 

(509.)  It  will  be  interesting  and  instructive  to  observe  the 
effect  on  the  transverse  strength,  of  variations  in  the  Tensile 
and  Crushing  strengths : — for  instance,  if  by  mixture  of  metals 
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or  othoiwiso  wo  could  double  tlie  valne  of  hoik  strams,  no  doubt 
the  tranBTeree  strength  would  be  doabled  also ;  but  the  quegtion 
is,  what  would  be  the  effect  of  a  given  alteration  in  one  of  those 
strains  only  1 

Table  80  has  been  calculated  by  the  rules  in  (496),  Ac,  and 
Bhowa  the  eSbut  of  changing  the  value  of  T  and  C  &om  7  and 
42  tons  per  eijuaro  inch  niapectively  {which  are  nearly  tie 
meau  atrengths  of  ordinary  cast  iron)  to  14  and  7  U.in%.  Time 
if  T  could  l»e  doubled  or  increaeed  to  1-1  tons,  while  C  remained 
at  its  normal  value  of  i2  tons,  tlio  increaae  in  the  Ttaneverse 
strength,  ao  shown  by  col.  5,  would  be  63 '3  per  cent.  If,  on 
the  other  hand,  with  T  at  its  uormol  value  of  7  tons  per  sqnare 
inch,  C  18  roduaid  to  7  tuna  also,  the  transverse  strength  would 
bo  reduced  to  •  4962,  or  about  half  its  EormaJ  value ;  when,  as 
in  (500)  and  (638),  the  transverse  strength  is  -^i)i  of  T  or  C; 
for  by  col.  4,  •  389  X  18  =  7  tons,  &c.  A  practical  example  of 
this  is  given  by  Stirling's  iron  in  (939),  where  it  is  shown  tlutt 
tho  effort  of  Stirling's  process  is  to  increase  the  tensile  strength 
74  per  cent.,  and  the  crushing  strength  30  i>or  cent.,  the  result 
being  an  increase  of  60  per  cent,  in  the  tmnsvorse  strength  by 
experiment,  and  59  per  cent,  by  calculation  with  the  rules  in 
(496),  &c. 


\ 


Table  80.— Of 

the   Transvekse  Stbenoth  of  Ca 

T 

InoN. 

&:c..  as 

affected  by  varj 

niglW. 

leandCrushiugtit 

CQglh. 

Tr^^ver. 

Sirenglll. 

„   ,       1 

Rwlos.    1 

"'"■ 

Lta. 

T^nt, 

7 

f!71 

■SSilO 

■4902 

1000 

14 

1111.5 

-5344 

372 

21 

HW 

■6:i5I 

■7073  i 

074    1 

l.MM 

■GDOU 

-8812 

777     ■ 

35 

1664 

■7427 

■9473 

1 

yii    ; 

42 

1756 

■7810 

lOOOO 

2 

010    , 

42 

vii>: 

■8000 

1-097    1 

2 

211     1 

42 

2:i5H 

1-008 

1-28G     1 

2 

.192 

42 

2538 

1-133 

1-445 

2 

HM 

42 

2867 

1-280 

1-633 

3 

291 

'" 

(3) 

W 

(5)         1 

6) 
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Thxobetioal  Btjleb. 

(510.)  Theoretical  writers  have  given  rules  coimecting  the 
transyerse  strain  on  a  beam  with  the  tensile  and  crashing 
strength  of  the  material,  based  on  the  assumption  that  the  two 
latter  are  equal  to  one  another,  and  that  the  extensions  and 
compressions  under  those  strains  are  also  equal.  This,  however, 
is  not  true  of  any  material  (616)  when  the  strains  are  very  heavy 
or  approach  the  breaking  weight;  but  with  the  working  loads 
commonly  adopted  in  practice,  say  ^th  to  ^rd  of  the  breaking 
weight,  those  rules  are  nearly  correct,  and  become  of  con- 
siderable value.  With  very  heavy  strains  other  rules  become 
necessary,  and  are  given  in  (823). 

(511.)  For  solid  square  sections  of  beams  we  have  the  rules : — 

8  X  I 


/  = 


8  X  W  X  ^ 
2  xD* 


(512.)  For  hollow  square  sections  v^ 

/x2x(iy-«P) 

SxZxD 


/  = 


8  X  W  X  i  X  D 


2  X  (D*  -  d«) 

(513.)  For  solid  Bectangnlar  sections  :— 

_     /x2xD'xB 

8   X   I 


/  = 


8  X  W  X  ^ 
2  X  D"  X  B 


(514.)  For  hollow  Bectangular  sections : — 

/  X  2  X  {d»  X  B)  -  (cP  X  6) 
8  X  iX  D 


W  = 


(618.)  For  hollow  elliptical  sectione: — 

3-1416  XfX  {BJ,XR„)-(rlxrE} 

W  X  I  X  Ed 


3-1416  X  {RI  X  Bb)  -  W  X  '■b] 

In  which  /  =  the  maiimiim  strain  per  square  inch  at  the 
estremc  upper  and  lower  edgce  of  the  eectioii, 
nsuallf  tensile  at  the  lower  edge  and  crashing 
at  the  lower  one,  and  in  the  same  tenuB  as  W. 
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W  =  the  transverse  load  in  the  centre  of  a  beam 
supported  at  both  ends  in  lbs.,  tons,  &c.,  in- 
cluding the  weight  of  the  beam  itself  reduced 
to  an  equivalent  central  load  (785). 

D  =  the  external  and  d  =  the  internal  depth  in  inches. 


B  = 

» 

h  = 

„       breadth      „ 

E  = 

n 

r  = 

„        radius       „ 

B,>  = 

»> 

rD  = 

„        radius  or  ver- 

• 

tical  semi- 
diameter. 

Eb  = 

n 

»'b  = 

^  radius  or  hori- 
zontal semi- 
diameter. 

I  =  the 

length 

or   distance 

between  supports,    in 

inches. 

(519.)  We  may  now  give  some  illustrations  of  the  applica- 
tion of  these  rules : — Say  we  have  a  bar  of  wrought  iron  1  inch 
square  and  1  foot  long,  and  assuming  that  the  maximum  strain 
/  shall  not  exceed  12  tons  per  square  inch,*which,  as  shown  by 
the  Diagram  215,  is  about  the  limit  of  perfect  elasticity  for  both 
the  tensile  and  compressive  strains,  we  may  find  the  equivalent 

12  y  2  =  1* 
tranBverBO  strain  W  by  mle  (511),  which  becomes       3^" 

24 
or  --  =  •  6667  ton,  or  1500  lbs.  in  the  centre. 
06 

If  the  bar  had  been  a  round  one,  then  E  =  0*5,  and  *5' 
being  •  125,  Eule  (515)  becomes  3' 1416  x  12  x  -125  ^    ^^^7 

ton  in  the  centre.  Hence  the  ratio  of  the  strengths  of  square 
to  round  bars  is  '6667  -^  -8927  =  1-7  to  I'O.  This  is  pro- 
bably  the  correct  ratio  for  light  strains,  and  nearly  so  for  all 
strains  with  materials  whose  elasticity  is  nearly  perfect,  such 
as  steel  and  wrought  iron,  but  with  cast  iron  and  timber,  as 
shown  in  (861),  (862),  the  ratio  with  the  breaking  weights  is 
more  nearly  1*6  to  1*0. 

(520.)  By  col.  6  of  Table  66,  the  working  load  for  a  plain 
bar  of  wrought  iron  1  inch  square  and  1  foot  long  =  -594  ton  in 
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i  X  -594  X  12 


4 


t  •  thedontre;  b7fiiilfi{511)/becoine8  in tliat case — 
\         -594  X 


2  X  !■ 

or  a — " — ■  **^  '594  X  18  =  10*7  tons  per  square  inoL, 

Bnt  if  we  apply  the  same  mle  to  extreme  Btrains  in  wronglit 
or  coat  iron  bars,  we  obtain  a  fictitious  Talue  lor  /,  for  reasons 
given  in  (504),  &c. ;  for  example,  Table  6G  givos  4000  lbs.  or 
1*786  ton  for  the  value  of  M^  for  the  breaking-down  load; 
hence  l'78j>  X  13  =  32*15  toiis  per  square  inch,  the  appareitt 
value  of  /,  which  being  36  per  cent,  in  excess  of  the  real  volae, 
as  shown  in  (506),  the  latter  becomes  32-15  4-1-36  -  24  tons 
per  square  inch. 

It  will  bo  observed  thBt  in  these  cases  /  =  W  X  18  simply 
(63!t),  bnt  that  rulo  will  apply  to  those  cases  only  where  the 
tensile  and  compressive  strains  are  equal  to  one  another  for 
bars  1  inch  square  and  1  foot  long,  &c.,  but  will  not  bo  correct 
for  cast  iron  whore  thoso  strains  are  very  unequal.  For  example, 
a  bar  of  cast  iron  1  inch  square  and  1  foot  long  breaks  with 
■92  ton  in  the  centre  (335) ;  hence/  =  -92  X  18  =  16-56  tons 
per  square  iucb.  But  this  is  neither  the  true  tensile  nor  crushing 
strength  of  cost  iron,  which,  as  found  by  direct  experiment,  is 
7"  142  and  43  tons  respectively.  In  applying  these  rules  to 
cast  iron,/niuHt  be  taken  at  the  apparent  value  of  16*56  tone 
per  square  inch  in  calculating  the  breaking  loads  (604). 

(621.)  The  meaning  of  thin  jietilious  value  of  /  is,  that  if  the 
transverse  strength  =  *92  ton,  and  the  tensile  and  crushing 
strengths  ore  equal  to  one  another,  then  the  value  of  both  would 
be  16-56  tons  per  square  inch  ;  by  Eule  (496)  we  then  obtain 

(-— "^j— ^     —  X  lYx  1  X  16-5C  -^  4-5  =  -92  ton. 
^^  16-50  +  \f  16*56         / 

By  taking  16  ■  56  tone  for  the  value  of  /,  the  rules  in  (510) 
ooincido  in  their  results  with  those  in  (323),  with  -92  for  the 
value  of  Mt  in  rectangular  sections,  and  '92  4-  1*7  =  -5412 
for  circidar  and  elliptical  sections.  Thus,  for  the  hollow 
rectangular  beam,  Fig.  75,  we  found  in  (347)  and  by  rule  (330) 
the  breaking  weight   =   8-558  tons:    by  Rule  (514)  we  have 
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16-56  X  2  X  (4-04'  X  2-21)  -  (3-29»  x  1-46} 

^  = 3x72x4-04 =  8-«»8 

tons  also. 

(522.)  Fig.  201  gives  the  section  of  six  elliptical  beanis 
experimented  upon  by  Mr.  E.  Clark;  the  length  was  6  feet, 
the  maximnm  breaking  weight  =  8*595  tons;  the  minimnm 
=  2*918  tons,  and  the  mean  of  the  whole  =  3*207  tons.  By 
mle  (518)  we  obtain 

3*1416  X  16*56  X  {2*33»  x  l*165)-(l-955»  x  -79} 


W  = 


72  X  2-33 


2  *  738  tons.    By  Bole  (334)  we  have 
(4*66»  X  2*33)-(3*91»  X  1-58) 


W  = 


4^66 


X  -6412-^6  =2*736 


tons,  or  practically  the  same  as  the  other ;  if  we  take  *  92  -f- 1  *  5 
s  *6l33  for  the  value  of  Mt*  the  ratio  1*5  to  1*0  being,  as  we 
have  shown  (361),  more  correct  than  1  *  7  to  1  *  0  for  the  breaking 
weight,  W  comes  out  3  *  099  tons ;  experiment  gave  3  *  207  tons, 
hence  3*099 -7-3*207  =  -9664,  giving  an  error  of  1*0 -* 9664 
=  -0336  or  -  3*36  percent. 

For  some  reason  the  analytical  method  followed  in  (348)  does 
not  give  correct  results  in  this  case ;  the  area  of  the  section 
=  3  *  676  square  inches,  the  maximum  tensile  strain  at  A  =  7  *  14 
tons  per  square  inch,  and  the  mean  at  B  =  8*57  tons ;  hence 
(3*76  X  3*67  X  J  X  2*33  -r-  36)  x  2  =  2*265  tons,  showing 
an  error  of  —  30  per  cent. 

(523.)  If  we  take  for  cast  iron  the  working  or  safe  tensile 
strain  at  ^rd  of  the  breaking  weight,  /  becomes  7  *  142  4-  8 
=  2*381  tons  per  square  inch.  Table  92  shows  that  with 
2  *  355  tons  the  extension  and  compression  are  precisely  equal  to 
one  another.  In  that  case  the  neutral  axis  of  a  rectangular 
section  will  be  in  the  centre  and  the  strain  at  the  top  and 
bottom,  or  /  will  also  be  equal,  namely,  2*355  tons  per 
square  inch.  Under  these  conditions  the  rules  in  (510)  are 
quite  correct,  as  we  have  shown  (617),  and  by  Eule  (511)  we 

-  or  2*365  -i-  18  =  *  1314  ton  in  the 


obtainW  = 


3  X  12 


iiauvcts  Lowiiras  inv  ed^e  uiulcr  compression  i 
wei<^ht  is  readied,  when  it  becoincis  as  in  Fi<. 
bar  is  loaded  to  .\rd  of  the  breaking  weight 
not  correct  to  assume  that  the  tensile  and  c 
are  also  strained  to  ^rd  of  their  respective  ul 
but  that,  on  the  contrary,  the  tensile  resistai 
and  the  crushing  much  less  than  ^rd  ( 
values  (366),  (617). 
i  (525.)  In  calculating  the  breaking  weights 

I  rules  in  (510)  it  is  therefore  necessary  to  take 

for  /  as  we  have  done  for  cast  iron  (520) 
I  col.  4  of  Table  79  gives  W  =:  262  lbs.,  the 

i  taken  at  262  X  18  =  4716  lbs.,  whereas,  by 

I   ■  real  values  of  T  and  C  =  2560  and  30,150 

I  Again,  for  Ash  by  the  same  Table,  W  =  68 

I  therefore  /must  be  taken  at  681  x  18  =  12 

I  values  of  T  and  0  being  16,576  and  9023  lbs. 

.1 
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the  weight  of  a  beam  or  truss  to  its  safe  load  rises  with  the 
dimensions,  and  that  to  such  an  extent  that  there  is  with  eveiy 
beam  a  length  with  which  it  would  break  with  its  own  weight 
and  could  carry  no  extra  load  whatever.  Then  the  ratio  of  the 
weight  of  the  purlins,  &c.,  to  the  area  rises  with  the  span  also, 
because  it  is  found  expedient  to  increase  the  distance  between 
the  principals  for  large  roofs;  for  instance,  with  roofs,  say, 
60  feet  span,  the  pitch  of  the  principals  would  be  from  7  to 
10  feet,  but  with  very  large  roofs  it  might  be  80  feet ;  with 
such  a  distance  the  strength  of  the  cross-beams,  purlins,  &o., 
must  be  very  great  as  compared  with  those  for  small  roofs. 
The  weight  of  the  slates,  &c.,  would  be  constant  for  all  spans, 
and  may  be  taken  at  10  lbs.  per  square  foot. 

'^  Wind*' — The  horizontal  force  of  the  wind  in  the  greatest 
hurricane  in  this  country  is  80  lbs.  per  square  foot,  but  the 
vertical  pressure,  with  which  we  have  to  deal,  is  a  very  un- 
certain one :  it  has  usually  been  taken  at  40  lbs.  per  square  foot. 

(627.)  Say  we  take  a  roof  60  feet  span  with  trusses  8  feet 
apart,  each  truss  therefore  carries  60  X  8  =  480  square  feet  of 
roof;  now  the  weight  of  a  truss  for  such  a  case  would  be  about 
22  cwt.  or  2464  lbs.,  and  is  equivalent  to  a  pressure  of 
2464  -T-  480  =  5  lbs.  per  square  foot;  the  weight  of  the 
purlins  may  be  taken  at  5  lbs.  and  of  the  slates  =  10  lbs.  per 
square  foot ;  then  allowing  40  lbs.  for  wind,  we  obtain  a  total 
pressure  of  6  +  5  +  10  +  40  =  60  lbs.  per  square  foot. 

(528.)  For  very  large  roofs  we  may  take  as  an  example  the 
St.  Pancras  Station  roof,  where  the  straining  weight  of  the  truss, 
240  feet  span,  =  85  tons  or  78,400  lbs.,  the  distance  between 
the  trusses  was  30  feet,  the  area  of  roof  borne  by  each  truss, 
meamired  on  plan,  becomes  240  x  30  =  7200  square  feet,  equiva- 
lent to  78,400  4-  7200  =  9  •  2,  or  say  10  lbs.  per  square  foot. 

The  weight  of  the  covering  of  slates,  purlins,  &c.,  with 
large  roo&  is  very  great,  for  reasons  already  given ;  thus  at 

New  Street,        Charing        Cannon        Lime  Street,        «x  p^_^-_„ 
Birmingham,        Cross,  Street,  Liverpool,  oi.  rancrag, 

the  spans  being : 

211  166  190  212  240  feet 


iBON  hoofs: 


respectively,  tlie  eatimated  weight  of  tbe  coTemgs,  as  givon  b7 
Mr.  W.  H.  Barlow,  woa  :— 


per  square  foot.     Tho  woiglit  of  the  principals  being  ; — 

25  27  37  44  54  ton 

(529.)  In  tho  St.  Pancras  roof  the  estimated  total  pressure, 
exclusive  of  the  strain  due  to  the  weight  of  the  tniHS  itself,  was 
taken  as  70  lbs.  per  sqaare  foot  ;  tbe  truss,  as  we  have  s 
=  10  lbs,,  hence  the  total  =  80  lbs.  per  nquare  foot,  leaving 
34  lbs.  for  tho  vertical  presaiire  of  the  wind.  We  thns  bnve, 
trnsfl  =  10,  covering  =  36,  wind  =  34,  and  the  total  =  80  lbs. 
per  square  foot. 

For  orilinary  roofs,  say  60  to  70  feet  span,  we  miLy,  for  otm- 
Tenienc«  of  calculation,  take  the  total  prossnro  at  66  lbs.  c 
^  owt.,  OP  ^th  top  per  aqnore  foot,  being  6  Iba.  for  weight  of 
truss,  5  lbs.  fur  purlins,  4c.,  10  lbs.  fur  Kintos.  and  3R  lbs.  for 
wind,  targe  roofs,  however,  should  in  all  cases  be  subjected 
to  special  calculation. 

(530.)  "  Slralm  on  i?oo/s."— Let  Fig.  179  bo  an  outline  of  a 
truss  of  tho  form  commonly  adopted  for  wooden  roofs  of  small 
span,  in  which,  for  tbo  purposes  of  calculation,  we  have  taken 
the  strain  as  concentrated  at  certain  points  ;  for  example,  if  the 
weight  of  that  part  of  tbe  rafter,  purlins,  slates,  &c.,  between 
n  and  p  =  10,  then  bnlf  of  that  weiglit  or  5  is  discharged  at  n, 
and  9  at  ji.  Similarly  the  part  between  m,  n  gives  5  at  m  and 
6  at  p,  &C.,  &c. ;  we  thus  obtain  10  at  each  point,  except  at 
the  ends  where  we  have  5  only,  which  last,  being  discharged 
direct  on  the  supports,  will  have  no  eficct  in  straining  the  trues. 

In  order  to  analyse  tho  combined  efiect  of  these  weights,  we 
may  take  them  separately.  In  Fig.  176,  the  weight  A  =  10, 
evidently  gives  5  at  B,  and  5  at  C  :  then  by  tbe  parallelogram 
of  forces,  moking  o,  6  =  5  by  a  scale  of  equal  parts,  that  force 
is  resolved  into  two  forces  a,  d  =  11 '18,  and  a,  c  =  10,  hence 
tbe  strain  on  tbo  rafter  E  =  11 '18,  and  that  on  tbo  tie-rod 
D  =  10  by  the  same  scale. 

In  Fig.  177,  a  weight  of  10  at  G  gives  7-5  at  H,  and  2-5  at 


ntON  BOOFs:  loads  akd  strains.  287 

J,  being  1^  and  ^  respectiyelj  of  0  and  B,  we  therefore  obtain 
11-18  X  li  =  16-77  at  K;  10  x  li  =  15  at  L;  11-18-T-2 
=  5-59  at  M :  and  10  -^  2  =  5  at  P.  As  N  bas  to  bear  the 
thmst  of  M,  and  at  the  same  angle,  the  strain  on  it  will  be 
5-59  also.  Of  the  strain  on  E,  5*59  is  evidently  due  to  N, 
leaving  16-77  -  5-59  =  11-18  due  to  O,  which,  being  at  the 
same  angle  as  E,  will  bear  11*18  also.  To  find  the  strain  on 
Q  we  make  e,/  =  11*  18,  and  drawing  ik,/ horizontal,  ik,  e  =  5, 
which  is  the  strain  on  Q. 

Fig.  178  is  a  counterpart  of  Fig.  177,  except  that  the  load 
being  now  at  B,  the  several  strains  are  as  before,  but  in  reversed 
order. 

Now,  combining  the  corresponding  strains  in  Figs.  176, 177,, 
178,  we  obtain  the  combined  effect  of  the  whole  in  Fig.  179 : 
thus,  at  S  we  have  11*18  +  5*59  +  5*59  =  22-36:  at  T, 
11*18+  16*77  +  5*59  =  33 - 54,  &c.,  &c. 

(531.)  To  facilitate  the  application  of  these  strains  to 
practice,  we  may  easily  find  what  they  would  be  for  a  total 
weight  =  100,  including  the  weight  of  the  truss  and  of  the 
other  parts  of  the  roof  plus  the  vertical  pressure  of  the  wind. 
Thus,  in  Fig.  179,  the  total  load  =  40,  then  by  proportion,  for 
a  total  load  of  100,  we  should  have,  as  in  Fig.  180,  33-54  x 
100 -r  40  =  84  at  T :    22-36  X  100  -r-  40  =  56  at  8,  &c.,  &c. 

Calculating  in  this  way,  we  have  obtained  the  comparative 
strains  in  all  the  Figures,  180  to  184  inclusive.  The  method 
of  determining  the  strains  we  have  followed  and  illustrated  is 
very  laborious :  Mr.  Timmins  has  published  a  useful  series  of 
designs  for  Iron  Roofs,  the  speciality  of  which  is  that  the 
strains  are  found  by  Diagrams  of  an  ingenious  but  rather  com- 
plex kind :  however,  they  give  with  much  less  labour  the  same 
strains  as  those  we  have  found  by  analysis. 

(532.)  We  may  now  apply  Figs.  180  to  184  to  practice:  say 
we  take  a  roof  30  feet  span  and  10  feet  between  principals.  The 
area  on  plan  =  30  x  10  =  300  square  feet,  and  with  56  lbs.  or 
^th  ton  per  square  foot,  the  actual  load  =  300  4-40  =  7-5 
tons:  then  the  strain  on  T  =  84  X  7-5  -f-  100  =  6-3  tons: 
at  8  =  56  X  7-5  4-100  =  4-2  tons:  at  O  =  28  x  7-5  4- 100 
=  2*1  tons,  &C.,  &c. 


Having  thus  fonwl  the  Btrains  on  the  Beveial  members  of  tbs 
tmsa,  wo  have  now  to  detennino  tho  proper  Bizea  for  the  lioftera, 
Btnits,  and  Tie-rodB. 

"  Ita/lerg." — There  are  two  kinds  of  atrain  on  the  principal 
rafter,  nwnoly,  the  ciompressiye  Btrain  aa  given  by  the  figures, 
and  the  tronavorso  Btrain  duo  to  tho  direct  dead  weight  of  the 
pnrlins,  slates,  &e.  Tho  latter  is  comparatively  Email,  and  the 
ordimiry  position  of  the  T-ii^n  wit\L  flange  uppermoat  being 
that  in  which  a  wrought-iron  beam  of  that  section  is  the 
strongeat,  as  shown  in  (378),  we  may  safely  neglect  it  in  most 
caaea,  and  have  then  only  to  consider  the  compressiTA 
strain. 

The  rafter  ia  virtnolly  a  pillar,  or  rather  a  series  of  pillata 
end-to-end  with  a  varying  seriea  of  strains,  as,  for  example,  in 
Fig.  ISi,  where  the  etraiita  are  in  the  ratios  IIG,  99,  83,  and  66 : 
bnt  this  pillar  is  otherwise  under  peculiar  conditionB,  being 
anpported  by  the  purlins  at  frequent  intervals,  and  fiiilnre  by 
horizontiil  flexure  beinf;  thus  prevented.  Then  it  is  not  likely 
to  fail  by  flesurc  upwards,  because  flcKUrc  in  that  direction  is 
rosietcd  by  tho  transverse  load.  Lastly,  it  is  not  likely  to  fail 
by  flexure  downward  in  a  vertical  direction,  for,  as  shown  in 
(243),  the  strength  as  a  pillar  is  no  less  than  throe  times  that  in 
the  other  direction. 

We  may  therefore  admit  that  the  Rafter  is  not  likely  to  fail 
as  ft  pillar  in  any  direction,  and  we  have  simply  to  consider  it 
as  subjected  to  a  crushing  strain,  and  duly  to  proportion  the 
area  thereto.  Tho  resistance  of  wrought  iron  to  crushing  is 
very  difficult  to  determine,  aa  shown  in  (13U),  Imt  for  pillars  we 
found  it  to  be  about  19  tons  per  square  inch,  ultimate  strain 
(210).  Taking  3  for  the  "Factor  of  Safety"  (88G),  we  should 
have  G'3  tons  safe  working  load,  but  in  order  to  avoid  the 
remotest  probiibility  of  failure  by  flexure,  especially  with  large 
roofs  where  the  length  is  nocossarily  great,  it  will  be  expedient 
to  take  for  roofs  a  higher  Factor  of  Safoty,  say  4,  and  wo  then 
obtain  I'J  -^  4  =  4J,  or  say  5  tons  per  Rjuaro  inch  safe  strain. 
Table  81  has  been  calculated  on  that  basis,  and  its  application 
to  pntctico  is  shown  in  (o37). 

(533,)  "Struts." — The  Btruts  arc  simple  pillars  unsupported 
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Table  81. — For  Roofs  :  Safe  Comprksaivb  Strain 

on  Wrought 

T 

Ibon  Baftbbs:   5  Tons  per  Square  Inch. 

Tbkknefls  all  over  in  Inches. 

Depth 
and 

i 

A 

» 

A 

i 

A 

1 

H 

1 

Width. 



Safe  Load,  in  Tons. 

li 

3-44 

4-3 

•  • 

•  • 

•  • 

•  • 

•  • 

If 

4-06 

51 

•  • 

■  • 

•  ■ 

•  • 

2 

4-70 

5-6 

6-7 

•  • 

•  • 

•  • 

21 

6-5 

7-7 

90 

•  « 

•  • 

2i 

7-2 

8-6 

101 

•  • 

•  • 

2| 

•  • 

9-6 

111 

12-5 

•  • 

3 

•  • 

10-5 

121 

13-7 

•  • 

3i 

•  • 

11-5 

13-2 

150 

170 

3* 

•  • 

•  • 

14-2 

16-2 

18-1 

3f 

•  • 

•  • 

15-5 

17-5 

19-6 

.• 

4 

•  • 

•  • 

16-5 

18-7 

211 

23 

•5 

4* 

•  • 

•  • 

18-6 

21-2 

24-0 

26 

•9 

5 

•  • 

•  • 

•  • 

23-7 

26-5 

29 

•2 

6 

•  • 

•  • 

•  • 

28-7 

321 

35 

•5 

39-0 

42- 1 

7 

•  • 

•  • 

•  • 

•  • 

37-7 

41-7 

45-7 

49-6 

througbont  the  length,  dififering  essentially  from  the  Bafters  in 
that  respect.  Their  strength  must  therefore  be  calculated  by 
the  rules  for  ordinary  X  pillars  (243).  Being  riveted  at  the 
ends,  they  might  be  regarded  as  pillars  flat  at  both  ends,  but 
that  condition  supposes  that  the  pillar  is  pressed  between  two 
flat  and  parallel  planes  (149),  which  is  more  favourable  to 
strength  than  the  actual  conditions  of  an  ordinary  strut.  It 
will  therefore  be  safer  to  regard  it  as  a  pillar  flat  at  one  end, 
and  rounded  at  the  other,  for  which  the  value  of  Mr  for  rect- 
angular wrought-iron  pillars  is  150  by  Table  34.  It  is  shown 
in  (243)  that  the  strength  of  a  long  T  pillar  is  practically  equal 
to  that  of  the  top  flange  alone,  forced  to  fail  by  flexure  in  the 
direction  of  its  largest  dimension,  flexure  in  the  other  being 
prevented  by  the  rib.  Adopting  3  for  the  "  Factor  of  Safety," 
Mp  =  50,  then  the  Eule  (234)  becomes 

(534.)  W  =  50  X  ^  •  X  6  -7-  L2. 

In  which  t  =  the  largest  and  h  =  the  smallest  dimension  of  the 

u 
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top  flange  of  the  T  iron  :  L  —  the  length  of  the  etrnt  in  feet : 
and  W  =  the  safe  load  in  Tone. 

ThuB  for  ft  wrought  T  iron  strnt  say  3  X  3  x  f  we  have  to 
oalcnlatfi  flimply  for  a  rcctaDgul&r  pillar  in  which  t  =  S,  and 
6  =  1  inch.  By  col.  3  of  Table  35,  3'"  =  17-4,  and  we  obtain 
for  a  length  L  =  fi  feet,  W  =  50  X  17-4  X  g -^  36  =  90fi 
tons  =  the  safe  reeietanoo  to  flemrc.  This  result  requires  cor- 
rection fur  incipient  oruBhiug  by  the  rnles  in  (1G3)  :  admitting 
that  the  tdtimaU  resiHtance  of  wrought-iron  pillars  to  crnsliing 
=  19  tons  per  square  inch  (201),  and  with  "  Factor"  3,  we 
obtain  19-~3  =  6'3  tons  per  square  inch:  the  area  of  the 
ahok  oroB8-section  in  our  case  =  2'11  square  inches:  hence 
Op  =  2-11  X  6-3  =  13-3,  and  |  Cp  =  9-97  tons.  Then  Rule 
(164)  gives  9-OG  X  13-3  ^  (i)-OG  +  9-97)  =  6-33  tons,  Uio 
redaoed  and  oorrect  safe  load  on  the  strnt.  Tabic  82  bos  been 
oaloulated  in  this  way  thronghout,  and  the  application  to 
fnotioe  is  illnstrated  in  (537).  The  lieeessity  of  ^e  correction 
for  incipient  crusliiiig  is  clearly  slmw-n  1iy  tlic  Table,  for 
instance,  the  T  iron  wo  have  juBt  considered,  with  a  length  of 

Table  82. — For  Poofs:  Safb  Compressive 


L.v«« 

Cni.h1nR. 
iu  Tuns. 

2 

^             II 

4 

SlKS. 

B..B  IVonKIKr. 

c„ 

iC. 

£ 

1         1 

"i 

1 

^1 

1 

2     X  2     X  T>ir 

4 
7 
9 
13 
1.1 

33 
26 
2G 
30 
C5 

3 '25 
5-45 
6  ■94 
9-97 
11-74 

9 
2:i 

42 

(1      3'IS 

7    R-n 

2     7 '95 

4-0 
W-5 
lS-7 
3ti-2 
54-1 

2'3S 
4-7H 
«7.'i 
10-4.1 
12 '37 

2-24 

5-92 
10-5 
20-4 

r77 

5S7 
113 

20 

85 
8 
0 
S 

20-1 
33-li 

r,n-2 

77-8 

i:>-i> 
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8  feet,  gives  86*2  tons,  the  resistance  to  fleznre,  but  when 
reduced  for  incipient  crashing  we  have  10*48  tons  only.  On 
the  other  hand,  very  long  pillars  of  the  same  section  require 
no  snch  correction :  thus,  with  lengths  of  10  and  12  feet,  the 
resistance  is  that  due  to  flexure  simply,  as  shown  by  the 
Table. 

(585.)  "  TiWod*."— The  mean  Tensile  strength  of  Wrought 
iron  =  25*  7  tons  per  square  inch,  by  Table  1 ;  but  for  welded 
bars  =  21  tons  only ;  taking  the  latter  and  ''  Factor "  8,  we 
obtain  21  4-  8  =  7  tons  per  square  inch  safe  load,  and  Table  83 
gives  the  strength  of  round  bars  on  that  basis.  The  areas  are 
given  also,  so  as  to  enable  rectangular  bars  to  be  substituted  for 
round  ones  if  preferred :  it  should  be  observed  that  when  tie- 
rods  are  screwed  at  the  ends,  or  where  they  are  punched  for 
keys,  they  should  be  bulked  up  to  compensate  for  the  area  lost 
by  the  key-way,  &c. 

(586.)  "  Strength  of  Keys,  Biveta,  dcJ* — The  keys  and  rivets 
by  which  the  junctions  are  effected  are  subjected  to  a  shearing 
strain  (128),  namely,  singloHshear  when  supported  on  one  side 

Load  on  Wrought  T  ^^^^  "  Struts." 


uxsuppoBTXD,  nr  Fkbt. 


Load,  »  Tons. 


(fr 


1-43 
3-79 
6-75 
13-0 
19-5 

321 

49-8 

65-6 

131-2 


1 


1-32 
2-98 
4-57 
7-53 
9-77 

140 
19-1 
22-3 
35-7 


1 

2 

4 

9 

13 


00 
63 
'69 
06 
9 


22-3 
34-6 
45-6 
91-2 
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1 
2 
3 

6 
8 


00 
36 
73 
33 

-48 


12-3 
170 
20- 1 
32-7 


& 


M 


0- 

1' 

2 
5 

7' 


56 

48 
64 
10 
62 


12-5 
19-5 
25-6 
51-2 


I 


0 

1 

2 

4' 

6' 


56 
48 
55 
50 
16 


9-27 
13-2 
160 
27-0 


(& 


0 

M 
« 


0-36 
0-95 
1-69 
3*26 

4*88 

8-03 
12-5 
16-4 
32-8 


0 
0 
1 
3 
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36 
95 
69 
26 
60 


7-08 
10-3 
12-6 
221 


0 
0 
1 
2 
3 


25 
66 
17 
26 
38 


5-58 
8-65 

11-4 

22-8 

"V2 


X 
S 


0  25 
0-66 
1-17 
2-26 
3-38 

5-50 
8-06 
101 
181 


^■^ 

_J 

^H 

^H 

■ 

■ 

I 

■ 

^1 

1 

ll 

ll 
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BousD  Babs  1        ■ 

7  Tods  per  Square  liicb 

T)l.ra.  1    Aml 

Stroin. 

DU=u 

Ar«. 

SMn. 

DIuD. 

a™. 

SDtiU. 

lotu. 

I^hj. 

fm. 

•20 

1-37 

i: 

]-4fi 

10 

4 

2i 

5-94 

41-5 

.^ 

-25 

1-71 

li 

1-77 

12 

4 

4 

6'49 

45-4 

216 

1! 

207 

li 

5 

3 

7-07 

40-4 

'  H 

■37 

2-80 

1* 

2-40 

16 

H 

Si 

7-e7 

53-7 

■44 

3-03 

IJ 

2-76 

19 

3 

»1 

8-30 

58-1 

H 

■53 

3^63 

SU 

22 

0 

Si 

8-95 

62^8 

•60 

4-21 

2i 

3-55 

24 

8 

st 

962 

67-3 

n 
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4^83 

a! 

8^9B 

27 

S 

38 
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72-a 

■78 

5 '50 

3 

4-43 

ai 

0 

3f 

ll-Ot 

77-3 

n 

■90 
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4-91 

34 

3 

3 

11  ^79 

82^  5 

li 

1-23 

8-60 

2S 

5-41 

37^8 

4 

12  56 

87  ■S 
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and  double-shear  when  supportod 

on  bo 

1  sidcH 

It  is 

shown 

in  (12 

(inotli 

r-.  tlio 

the  te 
aforo 

rablo  fi 

dah 
!iin 
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mg  Btraina  a 

e  UMd  for  riv 

«  equal 

otH  and 

koye,  aB  well  bs  for  tie-rc>dB;  for  instauw,  a  iJ-inch  rivut 
gives  2-15  tons  for  single,  and  4-3  tonK  for  donblu- 
Bhcar,  &c. 

(537.)  "■  Prof  Ileal  Application."— Wc  iniiy  now  illnKtrate  the 
application  of  the  Figurus  and  Tablus  to  practice :  say  we  have 
a  truss  like  Fig.  184,  GO  feet  span,  with  12  fcft  between  each 
trusB ;  then  the  area  of  roof  on  plan  —  CO  x  12  =  720  equare 
feet  and  the  total  load  being  56  lbs.,  or  ;)'„  ton  per  siinore  foot, 
as  in  (.'>23),  we  have  720  -^  40  =  18  tons  on  the  trnsa.  Then 
on  Eafti^r  D  we  have  110  X  18  -^  100  =  20-6  tons,  requiring 
by  Table  81  a  T  iron  Vj  x  i\  X  ^ :  for  C,  99  x  18  -^  100  = 
18-8  tons,  or  4  X  4  X  J  1  for  B,  83  x  18  -^  100  -  15  tons,  or 
3J^  X  3i  X  ^:  and  for  A,  66  x  18  -^  100  =  11-9  tons,  or  say 
3  X  3  X  1^!-  In  practice,  howcTer,  the  raft«r  would  usually 
be  in  one  pioc«  from  end  to  end,  and  iu  that  ease  the  maximum 
sizes,  or  those  for  D,  would  be  used  throughout. 

Then,  for  the  struts ;  the  strain  on  G  =  23  x  18  -^  100  = 
4-14  toUB,  and  the  length  being  in  our  c«se  about  12  feet,  wo 
require  by  Table  82  a  T  iron  Kay  3^'  x  3j  X  't-  To  nhow  how 
serious  an  error  would  ensue  if  \vc  had  disregarded  the  Icnylh, 
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and  provided  for  the  crashing  strain  simply,  Table  81  would 
have  given  for  4  •  14  tons  a  T  iron  1^  X  1^  X  A-  But  Table  82 
shows  that  the  safe  strain  on  a  bar  nearly  of  those  sizes,  and 
12  feet  long,  would  be  0'25  ton  only,  or  less  than  i^^th  of 
4-14  tons,  the  actual  strain. 

(538.)  It  has  been  sometimes  proposed  to  substitute  for 
T  iron  struts  two  flat  bars  of  equal  area,  but  in  the  case  of  long 
struts  this  is  a  most  unsafe  proceeding  :  for  example,  by  exact 
calculation  the  angle-iron  we  have  proposed  for  O,  namely 
3|  X  3f  X  f  gives  by  Rule  (534),  W  =  50  X  3i«  •  x  f  -r-  144 
=  4*05  tons,  which  is  near  enough  to  4-14  tons,  the  actual 
strain,  for  our  purpose.  But  a  flat  bar  left  to  itself  would  of 
course  fail  by  bending  in  the  direction  of  its  lecut  dimension 
(177) :  hence  <  =  f ,  and  h  =  3 J,  and  the  2*6  power  of  f,  being 
-0781  by  Table  35,  the  same  rule  gives  W  =  60  x  -0781  X 
3|-i-  144  =  0-1017  ton  for  one  bar,  or  0*2034  ton  for  a  pair 
having  the  same  area  as  the  T  iron,  but  7\ythl  only  of  the 
strength  as  a  pillar. 

To  resume :  for  the  strut  F  we  obtain  19  X  18  -4-  100  =  3*42 
tons,  and  the  length  being  about  10  feet,  we  require  a  T  iron 
say  3  X  3  X  |:  for  B  we  have  16  X  18  4- 100  =  2*88  tons,  and 
the  length  being  about   8  feet,  we    require  a  T  iron,  say 

Then  for  the  tie-rods :  the  strain  on  L  =  105  X  18  -r- 100 
=  18*9  tons,  or  1|^  inch  diameter  by  Table  83:  for  M, 
89  X  18  -7- 100  =  16  tons,  or  If  inch ;  for  N,  74  x  18  -7- 100 
=  13*3  tons,  or  If  inch:  for  K,  46  X  18  -r-  100  =  8*28  tons, 
or  1^  inch:  for  J,  12*5  X  18  -^  100  =  2-25  tons,  or  fj  inch: 
and  for  H,  6-  5  X  18  -r- 100  =  1  *  17  ton,  or  ^  inch  diameter,  &o. 

Any  of  the  di£ferent  forms  of  truss  shown  by  Figs.  180  to 
184  may  be  used  in  the  manner  we  have  illustrated :  it  will  be 
found  that  in  order  to  obtain  convenient  sections  for  rafters  and 
struts,  Fig.  181  should  be  restricted  to  say  30  to  40  feet  span : 
Fig.  182  from  40  to  50  feet :  Fig.  183  from  50  to  60  feet :  and 
Fig.  184  from  60  to  70  feet,  &c. 

(539.)  "  Curved  Boofs.*^ — For  large  spans,  such  as  Bailway 
Stations,  &c..  Curved  Roofs  are  now  very  extensively  used: 
Fig.   185  gives  an  outline  of  such  a  roof  with  the  strains 
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tliroughout  as  due  to  a  total  weight  =  100,  or  50  on  each 
Biipport,  in  order  to  assimilate  the  case  to  the  other  examples 
we  have  giveu,  and  to  fecilitatc  calcnlatioa  of  HUch  roofs  for 
various  spans. 

Say  we  have  a  Eoof  80  feet  span,  with  16  feet  between  the 
principals:  then  measured  on  plan,  wo  have  80  x  16  =  1280 
square  feet  on  each  principal ;  taking  the  load  at  56  lbs.  or 
^n  ton  per  square  foot  as  in,  (529),  wo  have  1280  ~  40  =  82 
tons  total  load. 

The  maiimum  compressive  strain  on  the  main  rafi«r  or  npper 
riba  A,  B,  C,  will  then  be  137  x  32  -^  100  =  43-8  tons,  for 
which  Table  81  gives  a  T  section  7  x  7  x  ]-J  inches,  and  in 
most  cases  that  same  section  would  be  used  throughout,  although 
the  strains  on  D,  £  are  somewhat  less. 


Then  tot  F,  we 

have  32x137  +  100  =  43-8 

requiring  aj.    Table 

Q. 

„       32x125  +  100  =  10 

,.        2i.         „ 

.,        B, 

„       32x110  +  100  =  35 

„         2J.          „ 

J. 

,       32  X    78  +  100  =  25 

N, 

,       sax      9  +  100  =  2'S8 

".          i-          " 

P. 

,       32x    1.'>  +  100  =  -1'8 

"       IS- 

R, 

,       32  X    30+100  =  0-G 

„         1^.          ., 

The  struts  M,  O,  Q,  are  pillors  of  the  approximate  lengths,  in 
our  case,  of  8,  8,  and  5  feet  Tcspoctivcly :  then 

M  =  32x2.';+ 100  =  8°"'    requiring  T  iron  ■*    x*    X  ,'„.  brTable82. 
O  =32  X  IH  +  IUO  =  5-7G         „  „     3^  X  3;.  X   J  „ 

Q  =  32  X  13+  100  =  1-10         „  „      2J  x2^  XtV  .. 

(540.)  "  Wooden  Soofs." — Iron  is  now  used  almost  eiclusivclj 
for  large  and  important  Roofs ;  but  for  ordinary  purposes  wood 
is  still  extensively  employed,  and  is  likely  to  be  so  fur  reasons 
of  convenience  and  economy.  The  form  of  truss  commonly 
used  for  small  spans,  say  up  to  30  feet,  is  shown  by  Fig.  179, 
another  convenient  form  is  shown  by  Fig.  181.  The  strains 
may  be  found  by  the  methods  already  explained  and  illustrated 
with  Iron  roofs.  The  proportions  of  the  different  parts  and  the 
details  of  construction,  are  essentially  practical  questions,  which 
are  fully  considered  in  most  of  the  works  on  Carpentry,  such  as 
that  of  Tredgold  and  others. 
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CHAPTEE  XIV. 


OK  THS  TOBSIONAL  STBAIN. 

(541.)  It  will  be  expedient  to  consider  the  Torsional  strain 
under  two  different  heads,  namely  '*  Torsional  Strength/'  and 
^  Torsional  Elasticity."  It  is  the  more  necessary  to  follow  that 
course  because  the  laws  governing  the  Strength,  differ  entirely 
from  those  dominating  the  Stiffaess.  We  shall  deal  with  the 
Torsional  Strength  in  this  chapter  and  with  the  Torsional 
Elasticity  in  Chapter  XVIL 

*' TorsiofMl  Strength'* — ^The  fundamental  laws  for  Torsional 
Strength  may  be  expressed  by  the  Eules : — 

For  Circular  sections, 

(542.)  WxL  =  QxR'x  3-1416-2-2; 

(543.)         or,  W  X  L  =  Q  X  R*  X  1-5708. 

For  Square  sections, 

(544.)  WxL  =  QxS»x  V^-=-6; 

(545.)         or,  W  X  L  =  Q  X  S»  X  -2357. 

For  Rectangular  sections, 

(546.)  WxL  =  Qx<«»X  V'T-Wd'xt^X^y 

In  which  R  =  radius  of  circular  sections  in  inches :  S  =  side 
of  square  in  inches :  d  and  6,  depth  and  breadth  of  Rectangular 
sections  in  inches :  L  =  the  leverage  in  inches  with  which  the 
twisting  weight  W  acts :  W  =  weight,  say  in  lbs. :  Q  =  constant 
Multiplier,  which  has  the  same  value  for  all  the  three  forms  of 
section,  and  is  found  from  Experiment  by  the  Rules : — 

Circular  sections, 


(547.) 


(648.) 


^"31416xB'* 

WxL 

"^~  1-6708  xB** 
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Square  sections, 


(649.) 

Wxlx  6. 

Vaxs-  ■ 

(660.) 

'^      ■2357x8' 

Beutaiig 
/SRI  ^ 

nlar  fioctioiis, 

WxLxaxVi'  +  t- 

d-xb 

(552.)  "Ralio  of  Round  to  Square."— The  Ratio  of  tho  Tor- 
eional  Streugtli  of  round  and  Eqnare  sc«tioQB  may  be  found  by 
Rules  (5i3)  and  (545),  for  while  round  bftra  =  1-5708  x  R', 
squaro  ones  =  -2357  x  8°.  Say  we  tnbo  l-inch  bare,  then 
R  =  J,  and  J'=  J  or  '  135,  lienee  tlie  ratio  of  strengtli  will  be 
(■2357  X  l=}-r- (1-5708  X  -125)  =  1-20  to  I'O,  showing  that 
square  bars  arc  20  per  cent,  stronger  than  round  ones. 

Bill,  ulicii  we  ciik'ulate  thf  values  of  Q  for  roiinil  and  Bqiian- 
bars  from  cxj^rinioiit,  as  in  col.  4  of  Table  84,  wc  find  that 
the  latter  are  34  per  uent.  greater  than  the  fomior ;  thus 
35907  -^  20800  =  1-34.  So  great  a  difference  shows  that  there 
is  some  error  in  the  Rnlof?,  although  they  ere  based  on  laws 
given  by  the  highest  authoriticH:  a<linitting  tlie  ex]>criment8  to 
be  cori'ect,  the  Rules  require  nioilifieatiou,  and  become : — 

For  Square  eeetione, 

(553.)  W  X  L  =  Q  X  S'  X  -3158. 

WxL 


(554.) 


■al58  X 


Calculating  Q  by  Rule  (554)  we  obtain  eol.  5  of  Table  84 : 
tho  mean  =  2C,800,  or  nearly  the  same  as  for  tho  round  bars 
whith  gave  by  Rule  (542),  26,709.  From  this  it  appears  that 
tho  experimental  ratio  of  tlic  strength  of  square  and  round  bare 
is  1'6  to  I'O,  the  theoretical  ratio  being  1-2  to  I'O. 

(555.)  "  Practical  Bitlcs." — The  thcorctieal  rules  are  incon- 
venient, althouf^h  they  aro  fondamontul,  giving  the  laws 
governing  the  Totsional  Strength,  and  have  the  advantage  of  il 
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yalne  for  Q,  which  is,  or  should  be,  constant  for  all  sections. 
The  following  Practical  Bales  are  based  on  the  theoretical  ones, 
corrected  by  experiment  (652) : — 

For  Circular  Sections, 

(566.)  W=  MtxD'-T-L. 


(567.) 
(558.) 


D=  4^WxL-r-Mt. 
Mt  =  WxL-M)». 


For  Square  Sections, 
(569.)  W  =  MtXS'x  1-6-T-L. 


(660.) 
(561.) 


S  -  -yWxL-r-(M,  X  1-6). 
Mt  =  WxL-T-(S'x  1-6). 


For  Bectangular  Sections, 

(562.)    W  =  MtXd^Xh^X  2-264-r-(v'^+F  X  L). 

(563.)   Mt  =  W  X  L  X  VdM^-7-(i'  X  6'  X  2-264). 

In  which  Mt  =  a  constant,  having  the  same  value  for  all  the 
sections :  D  =  diameter :  S  =  side  of  square :  d  =  depth,  and 
h  =  breadth  of  rectangular  sections :  L  =  leverage,  all  in 
inches:  W  =  weight  in  lbs.  acting  with  the  length  of 
lever,  L. 

(564.)  The  values  of  M«  in  col.  6  of  Table  84  have  been 
calculated  by  Bnles  (658)  and  (561):  thus,  the  bar  4  inches 
diameter  by  Eule  (558)  gives  M<  =  1938  x  170  -4-  64  =  6148. 
Again,  the  bar  1  inch  square,  which  broke  with  231  lbs.  and 
36  inches  leverage,  gives  by  Eule  (561),  Mt  =  231  X  36  -7- 
(1^  X  1*6)  =  5197,  Ac.  The  mean  for  9  bars  varying  from 
2  inches  to  4^  inches  diameter  =  5290:  and  the  mean  for 
6  square  bars  =  5290  also,  which  may  therefore  be  taken  as  the 
mean  value  of  M|  for  cast  iron. 

The  experimental  ratio  of  square  to  round  bars,  namely,  1  *  6 
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Table  84. — Of  Eipebhtrnts  on  Torsional  Stbenoth. 
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ST20 
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3}      „ 
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" 
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24,340 
26,709 
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„ 
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1 
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_^ 
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4905 
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1 
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26,S30 

5197 

H'lrnlK'.im 

1  <lii\m. 

70 

12 

3S,907 

2>!,S00 

.1290 
SIO 

SlalioyBDy 

47-3 

r.(is 

Elo.    ..      .. 

43 

51  e 

Ash    ..      .. 

1      .. 

43-3 

„ 

50S 

Oak.  Eoglisb 

37' S 

448 

Che6t.,nt   .. 

37 

Piuo.  Y..-llonr 

^    0)' 

27-3 

(J) 

;.■, 

W 

.^•28 

to  I'O,  has  been  ndopted  id  these  Rules,  instead  of  the 
Theoretical  Ratio  1-2  to  1-0  (552). 

(565.)  "  Rectangular  Sec* ions."— The  Rules  for  Rectangular 
Sections  may  be  used  for  square  ones,  which  of  coufeo  are 
rectangular  with  equal  sides:  say  we  take  a  3-inch  square  bar 
with  60  inch  leverage:  then  taking  M(  -  5200,  Rule  (659) 
gives  W  -  5200  x  3'  x  1-6-^CO  =  3809  lbs.:  taking  it  as  a 
rectangular  bar.  Rule  (5G2)  becomes  W  =  5200  x  S'  X  S'  X 
2-2G4-^(V3^-l-a^  X  GO)  =  3809  lbs.  also. 

When  the  two  dimensions  of  a  bar,  rectangular  in  section,  are 
very  unequal,  or  the  breadth  very  great  in  proportion  to  the 
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tliickness,  the  torsional  strength  is  practically  as  the  breadth 
simply,  the  thickness  being  constant  Thus,  for  cast  iron,  with 
L  =  10,  and  a  thickness  of  1  inch  and  breadths 

12  4  8  16  inches, 

the  torsional  strength,  or  W,  becomes  by  Bule  (562)  = 
847  2142  4648  9508  19,127  lbs. 

It  will  be  obsenred  that,  while  the  breadths  are  in  the  r(itio  of 
2  to  1  throaghoat,  the  strength  for  the  greater  breadths  follow 
nearly  the  same  ratio. 

(566.)  «  HoUow  Sections:*— We  have  seen  by  Bules  (556)  and 
(559)  that  with  square  and  round  bars  the  torsional  strength 
is  directly  proportional  to  D'  or  S',  so  that  for  diameters  in  the 
ratio: — 

12  3  4  5 

the  Torsional  strength  would  be  in  the  ratio : — 

1  8  27  64  125 

By  the  laws  of  Torsional  elasticity  (716)  the  Stiffiiess  with 
constant  strain  is  inversely  proportional  to  D^  or  SS  hence  in  our 
case  D^  being  in  the  Batio : — 

1  16  81  256  625 

the  stiffiiess  with  constant  strain  will  be  in  the  inverse  ratio, 
or: — 

•^  "nr  Tt  ITT  TlT 

But  when  the  strain  is  proportional  to  the  strength,  the  Batio  of 
the  torsional  angles  become : — 

1  8xAr        27Xt5V        64x^l25xTiT 

or  1  4  i  i  i 

which  is  in  inverse  proportion  to  the  arithmetical  ratio  of  the 
diameters  simply. 

(567.)  "  Old  Buie.** — The  old  rule  commonly  used  by  prac- 
tical men  is  W  =  D*  »  cT,  D  being  the  external,  and  d  =  the 


} 


I 


,wv  .M  .^  uijuiurcr  t'Xtcriuuly  and 

))V  tile  old   rnl<'  tli(;  Ktrtii<_;tli  will  bu  2' 
scH'ii  by  tlic  [)rcc('diiig  invcstij^jition  tlia 
2  and  1,  tlio  t\viHt  should  bo  ^  to  1,  that 
section  should  twist  twice  as  much  as  tl 
of  course  is  impossible  in  our  case,  for  o 
twisted  to  the  same  extent.     As  the  intc] 
to  twist  to  half  only  of  the  extent  due  i 
will  yield  half  only  of  that  strength ;  1 
(1*  X  4)  =  7  •  5  for  the  hollow  section,  ii 
as  by  the  old  Eule. 

(568.)  Hence  the  rule  for  hollow  circi 
W  =  (D*  -  d*)  4-  D,  or  in  our  case  (2 
before.  Taking  another  case  of  a  holloa 
4  and  8 :  then  by  the  old  rule  we  should 
but  by  the  preceding  analysis,  the  ultima! 
in  the  ratio  3  and  4  =  ^  and  ^  respective 
the  internal  diameter  yielding  3^  =  27,  i 
-=-^,  or  27  X  3-r4  =  20-25  only,  and 
hollow  shaft  becomes  4^  —  20*25,  or  C 
instead  of  37.  The  rule  (D*  -  d^)  -i-  E 
(4*  -  3«)  4-  4  =  43  •  75,  as  before.  These 
I  the  transverse  strain  also  (337). 

We  have  therefore  for  hollow  shafts  the 


' 
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In  which  D  =  the  external,  and  d  =  the  internal  diameter  in 

inches :  S  =  the  external,  and  a  =  the  internal  dimensions  of 

square  sections  in  inches:  W  =  the  straining  weight  in  lbs. 

acting  with  a  leverage  of  L,  in  inches:  Mt  =  a  constant  whose 

valne  is  given  by  col.  6  of  Table  84,  and  by  (564). 

To  illustrate  the  application  of  these  rules :  say  we  have  a 

hollow  cast-iron  shaft  in  which  D  =  6  inches,  d  =:  4  inches, 

6*  —  4* 
L  =  84  inches :  then  Rule  (569)  becomes  W  =  5290  x  — ^ — 

6 

-7-  84  =  10900  lbs.  breaking  weight.     Again,  with  a  hollow 

square  shaft  in  which  S  =  5  inches,  «  =  3]^  inches,  and  L  =  96 

inches :    then  by  Table  85,  5*  =  625,  and  3  J*  =  150,  with 

which  Rule  (570)  gives  W  =  5290  x  ^^^  "^  ^^^  X  1  •  6  -r-  96 
=  8376  lbs. 


Table  85. — Of  the  Fourth  Power  of  Numbers. 


N 


I 


2 

H 

2J 
2I 
2I 

3* 


N^ 


1 
1 
2 
3 
6 


00 
60 
44 
57 
06 


6-97 
9-38 
12-4 
160 
20-4 

25-6 
31-8 
39- 1 
47-5 
57-2 

68-3 
81-0 
95-4 


N 


3i 
3 

3| 
3i 

4i 

5| 


N* 


112 
130 
150 
173 
198 

228 
256 
289 
326 
366 

410 
458 
509 
565 
625 

690 
760 
835 


N 


5i 

6| 
6i 

7| 

7f 

7| 


N* 


915 
1000 
1093 
1191 
1296 

1408 
1526 
1652 
1785 
1926 

2076 
2140 
2401 
2577 
2763 

2959 
3164 
3380 


N 


7i 

I' 

8 

8 

8J 
84 
8| 

9 

9| 
9^ 

9 
9f 


N< 


8607 
3846 
4096 
4358 
4632 

4920 
5293 
5534 
5861 
6204 

6561 
6933 
7321 
7725 
8145 

8582 
9036 
9509 


(571.)  "  Wrought  Iron  and  Steel/"— 'According  to  W.  and  D. 
Rankine's  experiments,  the  torsional  strengths  of  Cast  iron, 


vxirtiiiruTB  imiKt    ho   in  the   ratios   1*( 
speetivily,  or,  in  ronnd  Dunibcrs,  a    '. 
wrought  iron,  and  7-incli  stcol  shaft 
torsional    strength^    irrespective    of    i 
strengths  being  in  the  ratio  1,  2,  3,  we 
10»  X  1  =  1000 :    wrought   iron,   8^  : 
=  7*  X  3  =  1029,  &c.,  which  are  pract: 
(572.)  "  Shaftingr— The  determinat: 
shafting  for  driving  machinery  is  pr 
question  requiring  special  Rules  :  instt 
in  lbs.  acting  with  certain  leverages  ii 
'*  rules  for  Torsional  Strain,  we  shall  ha 

♦  power  and  Revolutions  per  minute. 

Theoretically,  the  Horse-power  coi 
Standard  is  33,000  foot-pounds,  or  33,00 
per  minute ;  thus,  say  we  have  a  shaft  ^ 
the  end  of  it  raising  a  ton  or  2240  '. 
206  feet  per  minute,  which  will  be  equal  t 
=  14  Horse-power.  The  question  thus 
I  dmple  one,  but  in  practice  there  are  una 

I    ^  due  to  the  friction  of  the  machinery  ai 

which  the  whole  subject  is  very  much  m; 
say  that  instead  of  a  simple  shaft  as 

(necessities  of  the  case  were  such  that  a 


I 
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ferent  Horse-powers,  28,  21,  and  14  respectiyely,  and  the 
question  now  is,  which  of  these  should  be  taken  as  a  basis  in 
calculating  the  strength  of  the  shaft;  but  we  may  obserye 
that  it  is  unimportant  which  is  taken,  if  only  the  value  of 
the  Multiplier  is  properly  adapted  to  the  conditions  assxmied. 

(578.)  Engineers  usually  rate  the  power  of  an  Engine  by  the 
useful  work  done  by  it:  in  our  case  it  would  be  14-Horse 
Beputed  or  Nominal  Power.  To  give  more  precision  to  the 
matter,  say  that  the  Engine  was  a  common  High-pressure  one, 
cylinder  12  inches  diameter,  velocity  of  piston  220  feet  per 
minute,  pressure  of  steam  in  Boiler  45  lbs.,  reduced  to  40  lbs. 
in  the  cylinder  at  the  commencement  of  the  stroke,  cut  o£f  by 
lap  of  slide  at  ^  of  the  stroke,  and  thereby  further  reduced  by 
expansion  to  a  mean  pressure  of  87  lbs.  throughout  the  stroke : 
these  conditions  prevailing  when  all  the  work  was  being  done, 
and  an  '^  Indicator  "  diagram  showing  87  lbs.  mean  pressure  as 
calculated  abova  We  then  obtain  for  a  12-inch  cylinder 
=  118  square  inches  area,  118  x  87  X  220-7-88000  =  28  ^om 
indicated  Horse-power:  with  the  Engine  and  Gearing  alone, 
no  useful  work  being  done,  the  mean  pressure  =  18^  lbs.,  and 
we  9btain  118  x  18^  x  220-7-83000  =  14-Horse:  with  the 
Engine  alone  the  mean  pressure  =  9^  lbs.  =  113  X  94  x  220 
-T-  38000  =  7-Horse. 

Hence  we  have  28  gross  indicated  Horse-power :  28  — 
7  =  21  Net  indicated  Horse-power,  and  21  »  7  =  14-Horse 
Nominal  Power. 

(574.)  The  nominal  Horse-Power  is  the  Standard  commonly 
adopted  by  Practical  men :  in  the  vast  majority  of  cases  it  is  the 
only  one  known,  for  the  '*  Net  Indicated  "  power  can  only  be 
found  by  experiment :  in  all  cases  it  must  be  in  excess  of  the 
Nominal  in  order  to  cover  the  friction  of  the  machinery  by 
which  the  work  is  done,  50  per  cent.,  as  in  our  illustration, 
is  a  fair  addition  in  ordinary  cases.  Thus,  the  Batio  of  the 
Nominal,  Net  Indicated,  and  Gross  indicated  Horse-power  is  1, 
1^,  and  2 ;  admitting  these  Batios,  the  value  of  the  Multiplier 
may  be  easily  adapted  to  either  at  pleasure. 

(575.)  It  has  been  found  by  experience  that  the  power  which 
It  large  shaft  will  carry  satisfactorily  depends  on  its  absolute 
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tomonal  itrength,  wliich,  other  things  being  equal,  is  gOTerned 
fay  (P ;  bnt  tho  powei  of  small  shaftB  depends  on  torsional 
aiifnaig,  which  is  dominated  by  D*  (713). 

Taking  the  Noinin&l  Horsb-powcr  as  tho  basis,  we  hnve  for 
ordinary  wrought-iron  ahaft-e  of  largo  diameter  (or  tlioso  abovu 
4f  inchos)  the  Rule  ; — 

(57G.)  H  sd'x  K-T-ISO. 

(577.)  d=  ^(Hx  160 -HB). 

For  email  ehafta  (or  those  under  4^  inches)  the  roles 
beoomo: — 

(578.)  H  =  d*  X  K  ^  740. 

(57!).)  d=  ^(H  X  740 -^R). 

In  which  d  =  diameter  of  the  shaft  in  inches :  B  =  leTolntiiniB 

per  minute  :  and  H  =  Nominal  Horse-power.  It  will  b  f  d 
that  these  two  ectH  of  Rules  coincide  in  their  results  wh  n  th 
diameter  =  4^  inches;  for  example,  witli  say  R  =  100  ul 
(57C)  gives  H  =  4J'  x  100  4-  ICO  =  61-82  Horse-power; 
and  Rule  (578)  becomes  H  =  4^'  x  100-^740  =  (il-82  Horse- 
power also. 

(580.)  The  fact  that  strength  and  stiffiiess  follow  different 
laws  necessitates  the  use  of  two  sets  of  Rules  for  shafts  ;  with 
diamcterH  above  4;  inches,  shafts  whoso  absolute  torsional 
strength  is  sufficient  to  carry  the  power  will  bo  stiff  enough  to 
do  ordinary  work  properly ;  biit  Iwlow  that  size,  in  order  to 
obtain  the  proper  stiffness,  tho  diameter  must  be  larger  tlian 
necessary  for  tho  mere  torsional  strength.  A  eliaft  may  be 
strong  enough  to  resist  the  torsional  strain  upon  it  without 
twisting  asunder,  but  may  bo  so  elastic  because  of  itx  great 
length  as  to  be  wholly  unfit  to  drive  any  machinery  in  which 
RteadinCBS  of  motion  is  essential.  On  the  other  hand,  a  shaft 
may  be  stiff  enough  to  do  its  work  because  of  its  extreme  short- 
ness, but  its  strength  may  not  be  sufficient  to  resist  the  twisting 
strain. 

(581.)  The  Torsional  strength  and  stiffness  of  cost  iron  are 
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only  abont  half  those  of  wronght  iron  (571),  (720),  bnt  for 
shafts  we  shall  adopt  the  lower  ratio  9  to  14.  The  mftTimnm 
strain  on  the  crank  shaft  of  a  single  steam  Engine  is  1*57 
times  the  mean  strain,  but  for  a  pair  of  Engines  coupled  by 
cranks  at  a  right  angle,  or  90^,  it  is  1  *  11,  the  mean  strain  being 
1  *  0,  &c.  Combining  all  these  results,  we  have  in  Table  86  a 
series  of  Multipliers  for  the  *^  Nominal,"  '*  Net  Indicated,"  and 
^  Gross  Indicated  "  Horse-power  of  ordinary  and  crank  shafts  for 
large  and  small  sizes,  large  shafts  being  above  and  small  ones 
below  4f  inches  diameter. 

Table  86. — Of  the  Values  of  Ms  and  Ml  for  Shafts. 


Horse-Power. 

Kind  of  Work. 

NomioaL 

Net  Indicated. 

Gro«  Indicated. 

Small. 
Ma. 

Large. 

Small. 
M«. 

Large. 
Ml. 

SmaU. 
Ma. 

Large. 
Ml. 

Ordinary  Wrought-iron  Shafts 
„       Cast-iron  Shafts    .. 
Wrought-iron    Crank-shafts : ) 

Single  Engine f 

Cast  -  iron      Cmnk  -  Shafts  :\ 

Single  Engrine / 

Wronght-iron    Crank-shafts  :| 

Pair  of  Engines / 

Cast  -  iron      Crank  -  Shafts  'A 

Pair  of  Engines / 

740 
1150 

1160 

1805 

820 

1272 

(1) 

160 
255 

257 

400 

182 

282 
(2) 

493 
767 

773 

1200 

547 

848 

(3) 

107 
170 

171 

267 

121 

188 
(0 

370 
575 

580 
900 
410 
636 

(6) 

80 
128 

129 

200 

91 

141 

(6) 

NoTB.— Shafts  under  4|  inches— Small :  above  4|  incbe*— Large. 

We  then  have  for  diameters  ahove  4f  inches  the  Rules : — 
(582.)  H  =  cP  X  R  -T-  Ml. 

(583.)  d  =  ^  (H  X  Ml  -T-  B). 

For  small  shafts,  or  those  lees  than  4|  inches  diameter,  the 
Roles  become : — 

(584.)  H  =  (^  X  R  -T-  Ms. 

(585.)  d=  i/{B.x  Mfl-rR). 

In  which  Ml  and  Ms  have  the  valnes  given  by  Table  86 ; 
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H  =  the  Horso-power,  which  may  bo  Nominal,  Net  Inrlicated, 
or  Gross  Indicated  at  discretioii :  E  =  revolutions  pet  miiiiile, 
and  d  =  diameter  in  inches,  &o. 

(586.)  Wo  may  now  give  eiamples  of  the  spplieatiou  of  these 
Bules  :  tbue  for  a  4-iiich  ordinary  wrought-iion  shaft,  B  licing 
Bay  120,  &c. ;  the  diRiueter  being  less  than  4J  inchea,  taking 
Mb  from  col.  1  of  Table  86  at  740,  Eule  (584-)  gives  H  = 
4*  X  120  -^  740  =  41'6  Nominal  Uorae-power;  or  bikiiig 
Ms  fcom  col.  3  at  493,  wo  obtain  H  =  4'  X  120 -i- -193  =  62-3 
Not  Indicated  Horse-power.  As  a  single  engine  crank-shaft 
Ms  =  1160,  hence  H  =  4*  X  120  -J- 1160  =  26-5  Nominal 
Horse-power;  or  4*  x  120  -i-  778  =  89-74  Net  Indicated 
power,  &c 

Again,  say  we  reqniro  the  diameter  for  an  ordinary  cast-iron 
shaft  for  a  Nomioal  50-Horae  Engine,  R  =  40:  we  know 
beforehand  that  tho  diameter  will  be  above  4^  inches:  then 
with  Mt  irata  ool.  2  of  Table  86  =  255,  Bale  (583)  beoomee 
(50  X  255—40)^=  65,  or  say  7  inches  diameter.  For  a  single 
Ejjyino  crank -shaft  uiidta-  tliu  Biiiiio  fonditinns  M,,  =  40U,  iiiul 
wo  obtain  (50  X  400 -^-40)^=  7jj5,  say  8  inches  diameter. 
But  for  a  fair  of  Engines  of  equivalent  power  (25-Horse  each) 
Mt  =  282,  hunce  (.'iO  x  282  -^  40)^  =  7J  inches  diameter  in 
cast  iron,  &c. 

(587.)  "JHarine  Engine  Shafts." — Tho  Grow  Indicated  Horse- 
l>ower  is  usually  tlie  only  reliable  index  of  the  power  of  Marine 
Steam-En ginee,  being  easily  obtained  by  tho  "  Indicator  " :  the 
ratio  which  this  usually  hears  to  tlie  reputed  or  Nominal  piower 
of  the  makers  is  much  greater  tlian  2  to  1,  whieli  is  an  ordinary 
ratio  with  Land  Engines.  Tho  r^tio  with  12  Engines  of  the 
largest  class  from  1350  to  400  Nominal  and  G807  to  1400  Gross 
Indicated  Horse-power  was  found  to  vary  from  5'8G  to  3 '6, 
the  mean  being  4-35  to  l-O.  This  shotvs  that  tho  Nominal 
power  of  Marine  engines  is  utterly  unreliable  as  a  hasis  for 
ualeulatiug  the  diameter  of  propeller  sliafts,  and  that  the  Gross 
Indicated  power  should  always  bo  taken.  Table  87  gives  a  few 
cases  of  siiafts  in  practice  compared  with  tho  sizes  calculated 
by  onr  rule  (582).  Col.  8  shows  that  there  are  extraordinary 
differences  in  tho  practice  of  even  our  leading  Engineers,  some 
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Table  87. — Of  Marine  Ekgine  Shafts  in  Practice. 


Horae'Power. 

Rev. 

Diam.  in  Indies. 

Maker. 

• 

Name. 

Naml- 

DiU. 

Qroes 
Indi- 
cated. 

Ratio. 

ActoaL 

Cahm- 
lated. 

Dm. 

per 
cent. 

Value 

Aginconrt 
Warrior  .. 
Serapifl  .. 
Pera 
Simoom  .. 

1350 

1250 

700 

400 

400 

CO 

6867 
5470 
4100 
1400 
1400 

(a) 

51 

4-4 

5-86 

3-5 

3-5 

(3) 

53 
53 

58 
58 
62 

(0 

23 
17 
16 

111 

(6) 

22-76 
211 
18-6 
13-0 
12-71 
(«) 

+  3 
-47 
-36 
-33 
+  17 
0) 

Mandslay 

Penn 
Humphreys 

Rennie 
J.Watt&Go. 

95-4 
47-6 
55-5 
611 
106 

(8) 

making  their  propeller  shafts  about  2^  times  the  strength  of 
others :  thus  106  -^  47  •  6  =  2  •  227.  From  this  it  would  appear 
that  there  is  no  Standard  Eule,  but  that  each  maker  follows 
some  rule  of  his  oWn.  In  coL  6  we  have  the  calculated  sizes 
by  our  rale,  which  for  the  sake  of  distinctness  we  may  repeat  in 
more  definite  form : — 


(588.) 
(589.) 
(590.) 


d  =  ^(Ho  X  91  -1.  R), 
Ml  =  <P  X  R  -7-  Ho. 


In  which  £[q  =  the  Gross  Indicated  Horse-power;  d  =: 
diameter  in  inches ;  R  =  revolutions  per  minute,  and  Ml  =  & 
constant  obtained  from  a  case  in  practice,  which  is  taken  at  91 
in  the  rules  and  as  given  by  coL  6  of  Table  86 :  ool.  8  gives 
the  value  for  each  shaft,  thus  enabling  the  engineer  to  select  as 
a  basis  the  one  whose  strength  commends  itself  to  his  judgment. 
Our  Rule  (589)  gives  sizes  approximating  to  the  strongest 
shafts  in  Table  87,  and  may  be  considered  perfectly  safe. 

(591.)  There  is  no  important  part  of  Marine  Engines  which 
fails  so  frequently  as  the  propeller  shaft :  casualties  from  this 
cause  are  constantly  occurring,  in  most  cases  imperilling  the 
safety  of  the  vessel  and  the  lives  of  the  passengers.  In  some 
cases  the  results  have  been  most  disastrous,  as  with  the 
Australian,  where  the  shaft  not  only  failed,  but  also  damaged 
the  vessel  so  much  that  she  foundered  in  mid-ocean.    These 

X  2 


(liaiiictrr.       JUit  hv  l<)Il(»wiiii'  tluit  C(Hirs( 
or.t  lunch  too  small  to  satisfy  practical 
appear   tliat  tlic  case   is   govoruetl  by  s 
absolatc  strength,  aud  that  the  straiiiB  t 
to  d*  instead  of  d^. 

The  short  neck  of  the  barrel-shaft,  ho 
Bule  (557) :  then  taking  that  diameter 
throughout  the  series  should  be  as  d\ 

(593.)  Lot  Fig.  171  be  the  outline  of 
crane  to  raise  10  tons  with  a  single  c 
"  20  tons  if  a  running  pulley  be  used.    T 

L  or  22,400  lbs.  on  the  chain,  becomes 

!  Kne  of  the  wheel  H  =  22,400  X  15  -r 

7467  X  7  •  5  -r  27 = 2080  lbs. ;  at  a,  2080 
and  at  the  handles  520  x  3  -7- 16  =  97^ 

1^,  man. 

We  can  now  determine  the  diametc 
torsional  strain  on  D  is  22,400  lbs.,  but 
I  Safety  "  at  10  we  have  224,000  lbs.  breaJ 

radius  of  the  barrel  measured  at  the  ce 
15  inches,  and  the  value  of  Mt  for  wro 
(571),  Rule  (657)  becomes  d  =  (224,000  ) 
or  say  7  inches  diameter  at  the  neck  of  t 
Having  thus  found  D,  we  have  to  find  ! 


1 m-i.i-.    oc  -   xi 
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on  ^  Mill-Glearing '  that  the  absolute  strength  of  a  wheel-tooth 
ioT  a  dead  load  will  be  given  by  the  Eule : — 

(595.)  W  =  jp  X  w  X  350. 

In  which  W  =  the  safe  load  on  the  tooth  in  lbs. ;  p  =  the 
pitch,  and  w  =  the  width  on  the  face,  in  inches.  If  we  assume 
for  the  wheel  and  pinion  H,  J,  baj  p  =  2}  inches,  and  w  = 
7}  inches,  wo  obtain  W  =  2  J  X  7|  X  350  =  7460  lbs.  at  c,  or 
very  nearly  the  actual  strain  at  that  point  which  we  found  (593) 
to  be  7467  lbs. 

K  we  applied  the  same  method  of  calculation  to  E  L  and 
M  N,  it  would  be  found  that  the  pitch  and  width  would  come 
out  excessively  light,  and  that  it  is  necessary  to  use  a  modifica- 
tion of  the  Bule  for  wheels  in  motion  in  (944),  which  becomes : — 

(596.)  P  =  VD  X  R  XfXw. 

In  which  D  =  diameter,  say  in  feet ;  p  =:  pitch,  and  w  = 
width,  in  inches ;  B  =  revolutions  in  any  given  time ;  P  =  the 
power  of  the  wheel,  which  in  this  case  is  a  proportional  number 
only,  and  must  be  of  equal  value  for  all  the  wheels,  for  ob- 
viously, however  the  sizes  and  revolutions  may  vary,  the 
mechanical  power  exerted,  or  work  done  must  be  the  same 
throughout  the  series. 

(597.)  Now,  admitting  that  the  sizes  found  in  (595)  for  the 
wheel  H  are  correct,  namely  7^  feet  diameter,  2|  inches  pitch, 
7}  inches  wide,  and  assuming  for  the  purposes  of  calculation 

1  revolution  per  minute,  Rule  (596)  gives  P  =  V7  •  5  x  1  X 
2f  X  7|  =  160.  Then  if  H  =  1  revolution,  K  =  6,  and  M  = 
86  revolutions  as  in  Fig.  171. 

Assuming  for  E,  2^  inches  pitch,  6^  inches  width,  Bule  (596) 

gives  P  =  V4*5  X  6  X  2J*  x  6J  =  164,  which  is  near  enough 
to  160  as  found  for  H.    Again,  assuming  for  M,  1^  inch  pitch, 

4i  inches  wide,  we  obtain  P  =  V3  x  36  X  1^  X  4^  =  164  : 
we  have  thus  obtained  the  sizes  for  all  the  wheels  in  the  train, 
giving  practically  equal  strength  throughout. 

To  show  the  necessity  for  the  method  of  calculation  we  have 
adopted,  say  we  apply  Bule  (595)  by  which  the  proportions  of 
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H  were  obtained,  to  the  wlieel  and  pinion  M,  N,  where  the 
aliuin  at  the  pitch  line  =  620  H«.:  then  1  inch  pitch,  IJ  inch 
wide,  giTos  W  =  1  X  H  X  350  =  525  Ibe.  sb  required,  bat  of 
contfio  tlioee  Hizau  are  ohviouBly.  and  indeed  abeortU;  too  light, 
when  contrasted  with  IJ  pitch,  4J  wide. 

(59S.)  "  10-f«n  Crane  Qearing." — To  vary  the  illuattatioii, 
let  Fig.  172  bo  the  ontlino  of  Uie  gearing  for  a  crana  to  raise 
6  tons  with  a  Bingle  chain,  or  10  tons  with  an  ordinary  running 
pulley,  by  4  men.  The  strain  on  the  chain,  or  11,200  lbs., 
bocomes  1 1,200  x  9  -H  30  =  33C0  lbs.  at  a  ;  3360  x  4  -H  21  = 
6-10  lbs.  at  6 ;  and  640  x  2J  4-  16  =  100  lbs.  at  tho  handles, 
giving  25  11».  Ut  each  man. 

With  10  for  the  "Factor  of  Safety"  we  have  112.000  lbs. 
breaking  weight  at  the  circumference  of  the  barrel,  and  by 
Rule  (557)  we  obtain  d  =  (112,000  X  9  -^  10,580)  ^  =  4J  inches 
diameter  at  the  neck  of  the  barrel-shaft  D.  Then  following 
the  Buno  course  as  in  (693)  we  have  4^'  =  410  for  D ;  E 
liM-omea  410  x  8  -^  60  =  54 -7,  sny  2  J  inclwR ;  and  F  = 
54  ■  7  X  5  -^  42  =  G  ■  5,  say  1 S  inch  diameter,  all  by  Tabic  85. 

For  tho  wheols,  we  will  assume  for  i^.  2  inches  pitch, 
4^  inches  wide,  for  which  Rule  (5!)5)  or  W  =  p  X  in  X  350, 
becomes  2  x  4^  X  350  =  3325  lbs.,  or  very  nearly  :VSC,Q  lbs.,  the 
actual  strain.  Then  tho  Rule  (596),  or  V  =  VUxlt  X  p' X  a, 
becomes  for  this  same  wheil,  P  =  V5  x  1  X  2'  X  4]  -  42  5 
Assuming  for  tho  wheel  U  1.  inch  pitch  SI  wide,  we  obtain 
P  =  *n  5  X  7  5  X  1^'  X  3J  =  42  3,  biing  eiiual  to  the 
wheel  b,  as  reijuirtd 

^599  )  In  most  cases  of  heavy  cranes  it  w  mid  be  expedient 
to  reduce  tlit  strain  on  tho  <hain  by  llio  use  of  several  running 
puUi  ys  on  the  other  hand  the  strain  on  tlit  chain  and  wbeel- 
goaruig  liemg  the  same,  the  load  lifted  may  be  gieatly  increased 
by  tho  same  means  Thus  with  10  tens  on  tho  chain,  as  lu 
(5')'t)  we  had  20  tons  lifted  bv  1  ninning  imlUy  with  2  run- 
ning pullcjs  no  should  have  4  cliainh  and  40  tiins  lifted  with 
3  running  pulleys  6  chains  giving  (lO  tons  cle  In  all  those 
caset.  the  strain  ou  Iho  chain  and  gearing  noiild  be  tliat  due  to 
10  tuns  only  i  but  of  course  tlie  strciigtli  of  the  Jib  of  the  crane 
would  require  to  be  adapted  to  the  actual  l<md. 
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CHAPTEE  XV. 

ON  EXTENSION  AND  00MPBES8I0N. 

(600.)  With  all  materials,  a  tensile  strain  has  the  effect  of 
increasing,  and  a  compressiye  strain  of  decreasing  the  length  of 
a  bar  subjected  to  those  strains.  The  variation  in  length  may, 
with  small  strains,  be  infinitesimally  small,  and  quite  inappre- 
ciable to  ordinary  observation,  but  sufficiently  refined  and 
delicate  measurements  show,  even  with  the  most  rigid  materials 
and  the  smallest  strains,  that  there  is  an  accompanying  alteration 
in  length. 

In  most  cases,  this  longitudinal  change  of  dimension  is 
accompanied  by  opposite  and  contrary  changes  laterally ;  that 
is  to  say,  a  tensile  strain  which  increases  the  length  of  the  bar 
is  accompanied  by  a  corresponding  reduction  in  diameter,  &c. ; 
in  that  case,  the  density  or  specific  gravity  of  the  body  is 
unchanged.  But  in  other  cases  there  is  an  obvious  disruption 
or  partial  dislocation  of  the  component  parts  of  the  material, 
which  never  return  perfectly  to  their  primitive  places,  the  bar 
remains  permanently  longer  or  shorter  than  before,  and  takes  a 
"  permanent  set." 

The  experimental  information  on  the  extension  and  compres- 
sion of  materials  by  direct  strains  is  very  scanty,  except  for 
cast  and  wrought  iron ;  fortunately  on  these,  the  most  im- 
portant of  all  the  materials  used  in  the  arts,  we  have  in  the 
wonderfully  refined  and  exhaustive  labours  of  Mr.  Hodgkinson 
abundant  data,  leaving  little  or  nothing  to  be  desired. 

For  Timber  and  all  other  materials  we  shall  have  to  deduce 
the  longitudinal  elasticity  from  the  deflection  as  a  beam  by 
transverse  strains,  which,  as  we  shall  find,  is  a  rather  uncertain 
and  unsatisfactory  method. 

It  will  be  convenient  to  consider  extension  and  compression 
together.  As  they  follow  similar  laws  there  will  be  no  objection 
to  that  course,  which  will,  moreover,  have  the  advantage  of 
giving  comparative  results  which  will  be  useful.  The  resistance 
to  compression  where  the  bar  is  of  considerable  lengthy  and  is 
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loft  free  to  deflect  GidcwayB,  is  coDBidored  in  the  Chapter  on 
Pillars,  and  in  treating  oa  elasticity  under  compression  in  this 
chitptor,  the  body  will  be  snjiposed  to  bo  supported  laterally,  ao 
that  it  is  prevented  from  yielding  by  fleiure.  : 

(601.)  "  Cast  Iron." — We  shall  consider  first  tho  olastioity  of    , 
Cast  Iron,  not  only  because  of  the  iLa|)ortanco  of  that  material, 
but  more  ptirticalarly  because  its  elasticity  being  very  imperfect, 
the  resnlting  phenomena  are  instructive,  and  will  facilitate  tha 
study  of  other  more  perfect  materials,  aacb  as  wrought  iron  and 

Mr.  HodgkinEon  made  expenments  on  the  extension  of  cast 
iron  by  suspending  rods  of  that  material  vertically  in  a  lofty 
building  and  loading  them  by  direct  weights.  The  bars  were 
about  IJ  inch  diameter,  1  square  inch  area,  and  GO  feet  long; 
tbey  wore  of  four  diflferent  kinds  of  Iron,  namely,  Lowmoor 
No.  2,  Blaenavon  No.  2,  Gattsherrie  No.  3,  and  a  mixture  com- 
posed of  Leeawood  No.  8  and  Olengaraook  No.  3,  mixed  ia  | 
equal  proportions.  The  mean  ultimate  cohesive  strength  of 
these  four  different  kinds  of  irou  ivas  7'Oli  tons  per  square 
inch  ;  they  may  tlicreforo  l>e  regarded  as  fair  samples  of  British 
east  iron,  the  mean  ultimate  cohesive  strength  of  which,  as 
found  by  very  numerous  experiments  on  23  kinds  of  iron,  we 
found  (-1)  to  he  7'142  tons  per  square  inch.  Table  88  gives  in 
cols.  1  and  4  the  mean  oxpcrimentni  strains  and  corresponding 
extensions  of  the  four  different  kinds  of  inm  named,  the  latter 
being  reduced  to  parts  of  the  length  for  convenience  of  reference 
and  geueritl  application.  The  extensions  for  even  tons  and 
half-tons,  as  given  by  cols.  2,  3,  4,  were  obtained  by  direct 
interpolation  between  tho  next  preceding  and  following 
experimental  numbers,  without  correction. 

It  will  be  observed  that  the  extensions  are  not  simply  aod 
directly  proportional  to  the  strains,  but  that  they  increase  in  a 
higher  ratio,  this  fact  being  due  to  defective  elasticity.  Mr. 
Hodgkinson  has  given  rules  which  agree  moderately  well  with 
the  esperimental  results,  and  may  bo  modified  into  tho 
following ; — 

(602.) 
E  =  -00239628  -  |-00000574215  -  (-00000077044  X  W}*. 
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(603.)  W  =  (6220  X  E)  -  (1298000  x  E^. 

In  which  E  =  Extension  in  parts  of  the  length. 

„       W  =  Tensile  Strain  in  Tons  per  square  inch. 

Thus,  say  we  reqnire  the  extension  due  to  2  tons  per  square 
inch:— we  have  first  -0000007704  x  2  =  -00000154088. 
Then  (-00000574215  -  -00000154088)  V  =  '00204970,  and 
•00239628  -  -00204970  =  -00034658,  the  extension  by  2  tons 
required,  which  with  a  length  of  say  50  feet,  or  600  inches 
=  00034658  X  600  =  •  208  inch. 

Again,  say  we  require  the  strain  due  to  an  extension  of 
-00133821 ;  we  have  first  6220  X  -00133821  =  8-32.  Then 
-0013382P=  -000001791  and  -000001791  x  1298000  =  2-32  ; 
finally,  8*32  —  2-32  =  6  tons  per  square  inch,  the  strain 
sought. 

The  col.  5  in  Table  88  has  been  calculated  in  this  way  up  to 
6  tons  per  square  inch : — ^for  6J^  and  7  tons  the  rule  gives 
•00153938  and  -00180546  respectively,  which,  being  consider- 
ably in  excess  of  the  experimental  results  as  plotted  in  -a 
diagram,  <&c.,  we  have  adopted  the  latter  for  those  two  strains. 
Cols.  6  and  7  have  been  obtained  from  col.  5. 

(604.)  ''Defect  of  Elasticity:' —  Wiih.  a  perfectly  elastic 
material  equal  increments  of  weight  would  produce  equal 
amounts  of  extension  throughout,  up  to  the  breaking  strain. 
But  col.  6  of  Table  88  shows  that  with  cast  iron  the  extensions 
by  each  successive  half-ton  progressively  increase  from 
•00008178  with  the  first  to  -00018496  with  the  last,  the  mean 
extension  per  ton  (which  is  a  different  thing)  being  with  1  ton 
•00016655,  and  with  7  tons  •00024286. 

With  a  variable  rate  of  extension  as  with  Oast  Iron,  it  becomes 
necessary  clearly  to  distinguish  the  mean  extension  between  two 
given  strains  from  that  at  a  given  strain : — ^for  instance,  between 
0  and  7  tons  per  square  inch  the  total  extension  by  col.  5  is 
-0017,  or  at  the  mean  rate  of  -0017  -^  7  =  -00024286  per  ton 
as  given  by  col.  7 ;  but  the  first  half-ton  gives  -  00008178,  or  at 
the  rate  of  -00008178  x  2  =  -00016356  per  ton,  which  is  con- 
siderably less,  and  the  last  half-ton  gives  -0017  —  -00151504 
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\  a  ton  to  •()000()(K)S:]1)4  per  lb.  wIk 
Tlie  iiicdii  rate  of  cxteiisioii  is  not  an  aril 
extremes,  but  is  given  by  col.  8  at  •  OOOC 
The  extension  of  cast  iron  may  be  a 
aocnracj  by  the  Holes : — 


(606.)         W  =  {^^^j22  +  3^'^ 


(605.)      E  =  (-00015  X  W)  +  (-00 

E 

(bUb.)  W  =  ^-t:^ 

^  By  this  role  with  tensile  strains  of 

I  12  3  4 

,  tons  per  square  inch,  the  extensions  beoi 

I  -0001622  -0003488  -0005598    -0007952  -001 

By  Table  88,  col.  4,  the  experimental  e: 
strains  were 

•00016556  -00034865  -00054894  -00077282  -OOH 

By  Mr.  Hodgkinson's  mle  (602)  we  foun 
the  extensions : — 

-00016655  -00034658  -00054430  '00076521   OOK 
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the  bar  already  loaded  with  7000  lbs.,  we  have  by  col.  9, 
•00000009403  x  532  x  1000  =  -06,  or  ^^th  of  an  inch.  If 
this  bar  had  been  loaded  with  ^  a  ton  only,  then  532  lbs.  would 
have  produced  an  extension  of  *  00000007433  X  532  x  1000  = 
*  0395,  or  2^  inch ;  but  if  loaded  with  7  tons,  then  the  exten- 
sion would  have  been  -0000001662  x  532  x  1000  =  -0884,  or 
ifi  inch.  The  effect  of  a  given  tensile  strain  is  therefore  not 
uniform,  but  varies  with  the  load  which  the  bar  bears  before- 
hand, in  the  ratio  of  2  •  236  to  1  by  col.  9  with  initial  strains  of 
7  tons  and  ^  ton. 

(607.)  "  Compression  of  Cast  Iron.*^ — Mr.  Hodgkinson  made 
experiments  on  the  compression  of  bars  of  cast  iron  about  1  inch 
square  and  10  feet  long,  which  were  inclosed  in  a  frame  of  cast 
iron,  which  prevented  lateral  flexure.  They  were  an  easy  fit, 
and  the  bar  was  oiled  and  was  struck  occasionally  in  different 
parts  with  a  hammer  to  eliminate  as  much  as  possible  the  effects 
of  friction.  There  were  four  kinds  of  iron,  being  in  fact  the 
same  as  those  whose  extension  under  tensile  strains  had  been 
previously  determined  (601),  namely,  Lowmoor  No.  2,  Blaen- 
avon  No.  2,  Gartsherrie  No.  3,  and  a  mixture  of  Leeswood  No.  3 
and  Glengamock  No.  3  in  equal  proportions.  There  were  two 
experiments  on  each  kind,  therefore  8  experiments  altogether, 
and  the  mean  results  are  given  by  Table  89,  the  observed  com- 
pressions being  reduced  to  parts  of  the  length  for  convenience 
of  application.  It  will  be  observed  that,  as  with  the  extensions 
so  with  the  compressions, — they  are  not  simply  proportional  to 
the  strains,  but  increase  in  a  higher  ratio  throughout,  this  result 
being  due  to  defect  of  elasticity. 

Mr.  Hodgkinson  has  given  rules  for  the  compression  of  cast 
iron  under  crushing  strains  which  agree  fairly  with  the 
experimental  results ;  the  following  is  a  modification  of  those 
Bules : — 

(608.) 

C  =  -0123634  -  {-000152853  -  (-000004283  x  Wc}*. 
(609.)  Wo  =  (5773  x  0)  -  (233473  x  C«). 

In  which  Wc  =  the  compressive  strain  in  tons  per  square  inch. 
„  0  =  the  compression  in  parts  of  the  length. 
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Thns,  to  find  the  oompression  by  12  tons,  we  have  first 
•000004283  X  12  =  -000051396  ;  then  (-000152863  - 
•000051896)  V  =  -0100725,  and  -0123634  -  -0100725  = 
-0022909,  ^e  oompression  sought,  whieh,  with  a  length  of 
say  30  feet,  or  360  inches,  becomes  •  0022909  X  360  =  -  0825 
inch. 

Again, — to  find  the  strain  due  to  a  compression  of  -00187422 
in  a  bar  whose  length  =  1  -  0 ;  we  have  first  *  00187422'  = 
•000003513,  then 

6733  X -00187422    =10-82 
233473  X  •  000003513  =      -  82 


10  -  00  tons  compressiye  strain. 

The  col.  6  in  Table  89  has  been  calcnlated  by  this  rule  up  to 
13  tons,  beyond  which  the  experimental  results,  as  plotted  in  a 
diagram,  seem  to  show  that  the  rule  gives  the  compressions  too 
small.  In  the  experiments  the  maximum  strain  was  61,480  lbs., 
or  nearly  23  tons  per  square  inch;  continuing  the  curve  by 
judgment,  we  have  obtained  the  compressions  up  to  42  tons  per 
square  inch,  which  is  nearly  the  mean  ultimate  crushing  strain 
for  British  Cast  iron,  as  determined  by  numerous  experiments 
on  23  different  kinds  of  iron ;  see  Table  31  and  (132).  Beyond 
the  experimental  strain  of  23  tons,  therefore,  the  compressions 
given  are  of  doubtful  accuracy. 

(610.)  In  order  to  determine  the  compressions  with  heavier 
strains  up  to  the  crushing  load,  Mr.  Hodgkinson  made  another 
series  of  experiments  on  short  cylinders  of  various  kinds  of  cast 
iron  f  inch  diameter,  and  1^  inch  high,  except  one  specimen, 
which  was  1^  inch  diameter  and  2^  inches  high,  the  results  of 
which  are  given  by  Table  90.  For  comparison  we  have  given 
in  the  first  line  the  mean  compressions  of  long  bars  in  a  guide- 
frame,  as  found  by  the  former  experiments,  and  given  in 
Table  89. 

(611.)  It  will  be  observed  that  the  experiments  on  short 
cylinders  gave  very  anomalous  results,  exceeding  greatly  those 
obtained  from  the  long  bars.  Confining  ourselves  to  20  tons 
per  square  inch,  which  is  well  within  the  limits  of  the  cbterved 
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compressions  with  the  long  bars,  we  find  that  the  short  cylinder 
of  Ystalyfera  iron  gave  •  0083  -^  •  0047242  =  1-76,  and  the 
Lowmoor  •  0161  -7-  '004742  =  3*4  times  the  compression  given 
by  the  long  bars.  With  42  tons,  which  is  nearly  the  mean 
crashing  strain  for  British  iron,  the  short  cylinders  of  Clyde 
iron  gave  •  0446  -f-  '  0243574  =  1-83,  and  the  mixed  irons 
•07  -T-  -0243574  =  2-87  times  the  estimated  (609)  compression 
of  the  long  bars. 

In  searching  for  a  reason  for  this  great  discrepancy,  we 
might  at  first  be  led  to  suppose  that  it  was  due  to  the  fact 
that  the  short  cylinders  were  free  to  expand  laterally  in  pro- 
portion to  the  longitudinal  compression,  while  the  long  bars, 
being  confined  in  a  guide-frame,  were  prevented  from  doing 
so;  but  the  fit  of  the  latter  was  presumably  so  slack  that 
this  reason  seems  inadequate  to  account  for  the  differences 
observed. 

Mr.  Hodgkinson  himself  seems  to  have  suspected  that  there 
were  considerable  errors  in  the  observed  compressions  of  the 
short  cylinders  due  to  the  method  by  which  they  were  taken  ; 
he  says  "  they  were  crushed  between  two  discs  of  ste^l  f  inch 
thick,  which  were  parallel  to  each  other.  Between  the  disc  and 
the  specimen,  both  at  top  and  bottom,  a  very  thin  piece  of  lead 
was  interposed  to  prevent  irregular  action  against  each  other ; 
but,  notwithstanding  the  care  taken,  it  is  probable  that  the 
results  of  these  experiments  are  not  free  from  considerable 
errors  arising  from  the  following  causes:  the  great  weights 
applied,  20  or  30  tons  per  square  inch  of  section,  caused  the 
ends  of  the  cylinders  to  be  driven  into  the  surface  of  the  discs 
to  such  a  degree  that  the  surface  of  the  steel  sometimes 
remained  irregular  and  broken  after  the  experiments,  showing 
the  form  of  the  ends  of  the  cylinder.  From  the  same  cause  the 
discs  of  steel  would  become  slightly  incurvated,  and  their 
distances  asunder  would  be  decreased  more  than  was  due  to  the 
shortening  of  the  cylinder  by  the  quantity  of  its  penetration 
into  the  discs,  added  to  their  approach  through  flexure." 

(612.)  The  experiments  on  short  cylinders  must  therefore  be 
regarded  as  of  doubtful  accuracy,  and  in  the  present  state  of  our 
knowledge  the  compressions  given  by  Table  89  from  experi- 
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ments  on  long  boni  may  bo  taken  as  approximately  oorrect  for 
all  etreioB  up  to  the  croaliiug  load.  The  ehortcDing  of  a  pillar 
under  heavy  Btraiua  is  very  considorable ;  thus,  by  Tablo  89, 
with  42  tona  per  aqnare  inch,  a  pillur  10  feet,  or  120  inchca,  long 
IB  fihortenod  ■  0243574  X  120  =2-92,  or  nearly  3  inches.  If 
we  admitted  the  results  givea  by  Table  90  Cor  mined  iron,  m 
obtain  '07  x  1^0  =  8'4  inches  compression;  ovon  under 
ordinary  etraina,  tho  amount  of  compression  is  much  greater 
than  most  practical  men  are  aware  of;  for  instance,  with  the 
ordinary  safe  strain  of  one-third  of  tho  ultimate  crushing  load, 
or  14  tons  per  square  inch,  a  pillar  or  series  of  pillars  joined 
end  to  end,  50  feet,  or  600  iaobes  long,  by  col.  S  of  Table  89  is 
shortened  -002731  X  600  =  L'G38G,  or  Ig  inch,  and  when  thus 
loaded,  1000  lbs.,  more  or  loss,  will,  by  col.  9,  cause  a 
farther  change  of  length  =  -0000001049  X  1000  x  600  = 
■06294,  or  tV  "^cl"- 

(618.)  la  Table  89,  col,  6  shows  that  the  compresGion  is  not 
simply  proportional  to  the  weight,  but,  on  tbu  contrarv,  is  pro- 
greKsivcly  increased  from  -OOOlZll  with  tho  first  ton  to 
■0013150  with  the  last,  or  42nd.  The  ratio  of  tho  com- 
prcssiona  with  equal  weights  is  therefore  ■0013150-^  -0001741 
=  7  ■  53  to  1  ■  0  ;  this  being  due  to  defect  of  Ehisticity  (604). 

The  mto  of  compression  being  thus  variable,  it  becomes 
necessary,  as  wo  found  to  bo  the  case  with  cxt»:nsion  (004),  to 
distinguish  tho  ntcan  compression  Iwtwcen  two  given  strains 
from  that  jiroduced  by  a  certain  weight  on  a  bar  already  loaded. 
This  has  been  explained  and  illustrated  for  variable  extension, 
and  need  not  be  repeated  liere.  Cola,  8  and  9  havo  been 
obtained  by  analysis  with  tho  numlKra  given  by  the  experi- 
TOcntH  :  an  illustration  of  their  application  will  suffice  ;  a  pillar 
1000  inches  long,  loaded  with  20,000  lbs.  per  square  inch,  will, 
by  col.  8,  be  sliorteued  ■0000000821)4  X  20000  x  1000  =  1-G59 
inch,  and  when  thus  loaded,  an  extra  strain  of  1  cwt.,  or  112  lbs., 
will,  by  col.  9,  give  -00000008941  X  112  x  1000  =  -01,  or 
■Y^-gth  inch  compression,  &c. 

For  niodci'ate  compressive  strains,  say  under  15  tons  per 
square  inch,  tho  compression  of  cast  iron  will  be  given  with 
considerable  accuracy  by  tho  liules : — 
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(614.)     C  =  (-00017  X  Wc)  +  (-0000018  x  WJ). 

(^^^•)^^  =  {:oooW8  +  22M*-^^-^- 

In  whieh  C  =  Compression  in  parts  of  the  length. 

Wc  =  Crashing  weight  in  Tons  per  square  inch. 

Thus,  to  find  the  compression  doe  to  15  tons  per  square  inch, 
15«  being  =  225,  we  have  -00017  x  15  =  -00265  ;  and 
-0000018  X  225  =  -000405.  Then  -00255  +  '000405  = 
-  002955,  the  compression  sought. 

Again  ;  to  find  the  compressive  strain  due  to  a  compression 
=  -002955,  we  have  -002955  -f-  -0000018  =  1641 ;  then 
(1641  +  2228)  V  =  62-2,  and  62-2  -  47-2  =  15  tons,  the 
strain  required,  &c.  Calculating  in  this  way,  we  obtain  the 
following  results : — 


Tona.  Compression. 

1  =  -0001718 

2  =  -0003472 

3  =  -0005262 
4=  '0007088 
5=  -0008950 


Tons.  GompresaioiL 

6  =  -0010848 

7  =  -0012782 

8  =  -0014752 

9  =  -0016758 
10  =  -0018800 


Tods.    Gompresslon. 

11  =  -0020878 

12  =  -0022692 
13=  -0025142 

14  =  -0027328 

15  =  -0029550 


These  compressions  differ  very  little  from  those  given  by 
Table  89 ;  with  great  strains  it  would  seem  that  the  compres- 
sions become  too  anomalous  and  irregular  to  be  expressed  by 
any  ordinary  practical  rule.  Thus,  for  35  tons,  Mr.  Hodgkin- 
son's  rule  in  (608)  gives  -  01064785,  but  the  diagram,  based  on 
the  experiments  on  long  bars,  and  col.  5  of  Table  89,  gives 
•0159945,  and  the  direct  experiments  on  short  cylinders, 
Table  90,  from  -026  to  -0458.  Except  for  the  purposes  of 
scientific  research,  cast  iron  is  never  strained  beyond  one-third 
of  the  ultimate  crushing  load,  or  beyond  14  tons  per  square 
inch ;  hence  the  uncertainty  as  to  its  compression  under 
excessive  strains  is  of  little  practical  importance. 

(616.)  "  Comparative  Extension  and  Compression  of  Cast 
Iron** — We  should  have  expected  instinctively  that  all  materials 
would  resist  compression  with  greater  energy  than  extension, 


326  KXIENSION    AND   COMPBKBBIOS   oy  OAST   IBON. 

but  eiperiinent  baa  tibown  that  with  cast  iron,  and  still  more 
with  wrought  iron  [628),  the  material  yields  more  to  a  small 
oompreEsiTC  etrain  than  to  a  teuBilo.  Grmfiuing  ouxeclvefi  to 
the  direct  and  unreduced  ciperiments  as  given  by  cole,  i,  4, 
in  Tables  88.  89.  wo  obtain  the  results  giTen  by  Table  31, 
which  show  that  for  stroine  below  2  tone  per  aqnaro  iueh  the 
compressions  exceed  tlie  extensions;  with  2*355  tons  they  are 
equal,  as  shown  by  Table  92 ;  with  greater  strains  the  esten* 
sions  osceed  the  compressions,  a  fact  which  is  due  tu  defect  of 
elasticity.  The  ultimate  resistance  of  cast  iron  to  compressiva 
Htruiua  being  six  times  that  for  tensile  ones,  and  defect  of 
elasticity  increasing  rapidly  as  tlio  iiltimnte  strain  is  approached, 
this  fact  tella  more  influentially  on  the  extenaioue  than  on  the 
compressions. 

(fJ17.)  It  should  bo  observed  that  2-355  tons  is  very  nearly 
J^rd  of  7 '  1^2  tons,  the  moan  ultimate  Tensile  atrengtli  of  cast 
iron,  end  -^th  oi  43  tons,  tha  mean  Cmahing  strength.  Iiot 
Fig  206i^  be  the  section  of  a  Inr  1  inch  Fqiiarc  and  1  foot  lon^, 
loodLd  triinBicrf>(.ly  until  the  tctihilc  titrain  at  B  and  crushing 
strain  at  C  arc  both  =  2  Jj5  tdiis  per  sijuare  inch.  The 
c\tcDsion  aud  compicssion  with  that  strain  being,  as  we  have 
setn,  equal  to  oiio  another,  it  will  follow  that  the  neutral  axis 
N  A  mil  be  m  the  centre  of  thescction.  By  liulc  (039),  the 
transverse  load  mil  m  our  cam  bo  j'^th  of  the  niasinmm  strain 
at  B  or  a  lionto  we  have  Mj  =  2-3J5  ^  18  =  ■  KJH  ton. 
which  la  itb  only  of  ')21  tons,  its  moan  value  fur  breaking 
load  as  given  by  col  0  of  Table  (jfi  {^)2<t). 

We  now  have  tins  remarkable  fact :  that  the  "  Factor  of 
Safety  varies  greatly  with  Iho  three  great  strains  involved  in 
the  cat.0 ,  for  the  Tuisile  it  is  =  3  for  the  Crushing  =  18,  and 
for  the  roaulting  TrauBverso  stiain  ~  7. 

It  mil  bo  evident  from  this  that,  if  a  flanged  girder  were 
loaded  to  ^th  only  of  its  Bioakmg  weight,  the  proper  form  of 
section  would  be  one  with  ctinal  top  and  bottom  flange.  As  tho 
strain  inereaHcs  biyoud  |th  up  to  the  breaking  weight  the 
neutral  axis  nsis  from  the  jKiaitiou  in  Fig.  200  until  it  becomes 
as  in  Fig  irs,  «1ru,  OS  (.ho^vn  by  BIr.  Ho^lgk  in  son's  experi- 
ments   the  moht  eeononneal   form   of   section   is   with   flanges 
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The  mmn  Breaking  trauBverfie  loads  per  square  i&oh  of  wbole 
sectional  aieaa  wore — 

23G8  2567  2710  3198  3332  3729 

Iba. ;  hence,  taking  the  ei^nal-flanged  girder  as  =  1 '  0,  tho  mean 
incroase  in  strength  per  cent,  bcoomea 
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(G18.)  It  woulil  appear,  however,  tliat  the  ratio  of  tho  areas 
of  the  flanges  is  not  a  fixed  one  for  all  strainB,  but  sbould  vary 
with  the  ratio  of  tho  working  load  to  tho  breaking  weight, 
rising  from  1  to  1  with  |th  to  0  to  1  with  fho  Breaking  weight. 

It  has  been  gratuitotuly  asBumcd  that  the  beet  form  of  eectiou 
for  the  Breaking  Weight  must  of  ncccBsity  be  tho  hoKt  for  lower 
fitraina  also,  say  ^rd,  wiiich  is  tho  ratio  commonly  used,  and 
thus  Mr.  Hodgkinson's  form,  with  flanges  in  tho  ratio  G  to  1, 
has  been  almost  universally  adopted  in  supposed  deference  to 
authority,  although  tliat  proportion  would  not  ci>ninien<l  itself 
to  tho  unbiassed  mechanical  instinct  of  practical  men :  Mr. 
Hodgkinson,  however,  is  not  responsible  for  the  ernjucous 
deduction  from  his  esporimental  results. 
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Beasoning  seems  to  show  that  with  Factor  3  the  ratio  of  the 
flanges  should  be  somewhere  between  1  to  1  as  for  |th,  and 
6  to  1  as  for  the  Breaking  weight.  Fig.  207  gives  a  section 
which  fulfils  the  condition  that  the  maximum  tensile  strain 
shall  not  exceed  ^rd  of  the  Breaking  weight.  Thus  the  area 
of  bottom  flange  =  10  square  inches,  the  strain  at  T  =  2  *  855 
tons  per  square  inch,  and  the  distance  from  N.  A.  =  4  ;  hence 
we  have  10  X  2-355  x  4  =  94-2.  Then,  the  area  of  top 
flange = 4  *  5  square  inches,  the  strain  at  C  =  8  *  5  tons  per  square 
inch,  and  the  leverage  =  6,  giving  4'5x3"5x  6  =  94*5,  or 
practically  the  same  as  the  resistance  to  tension,  which  is  a 
necessity:  in  this  case  the  ratio  of  the  flanges  =  10  4-  4*5 
=  2-22  to  1-0. 

But  we  must  see  to  it,  that  extension  being  to  the  compression 
in  Fig.  207  as  4  to  6,  corresponds  to  2  *  355,  and  3  *  5  tons,  the 
respective  strains.  Table  92  shows  that  for  Tensile  strain  of 
2*855  tons,  the  extension  =  -00042;  then  the  compression 
must  be  -00042  x  6  -f-  4  =  -00063,  which  is  due  to  3-5  tons 
per  square  inch  by  Table  89.  Fig.  208  is  a  "  unit  "  girder 
having  the  same  proportions  as  Fig.  207,  from  which  the 
dimensions  for  any  load  or  span  may  be  found,  as  explained 
in  (485). 

Fig.  209  is  a  Diagram  which  shows  that,  admitting  equal 
flanges  as  the  best  for  |th  of  the  Breaking  weight,  and  6  to  1 
for  the  Breaking  weight,  we  have  2 -08  to  1  -0  for  ^rd,  which  is 
the  ordinary  working  load,  and  agrees  moderately  with  2  -  22  as 
found  by  analysis:  3*08  to  1*0  for  ^;  and  4-08  to  1-0  for 
}  of  the  Breaking  weight.  It  is  probable  from  (617)  that 
these  ratios  of  strains  apply  principally  to  the'  bottom  flange : 
in  Fig.  207  the  Factor  is  7  - 142  -f-  2  •  355  =  3  for  the  Tensile, 
and  43  4-  8  -  5  =  12  -  8  for  the  Crushing  Strain.  See  (354)  and 
the  Diagram,  Fig.  81,  &c. 

(619.)  The  actual  and  comparative  lengthening  and  shorten- 
ing of  cast  iron  under  different  tensile  and  crushing  strains 
may  be  shown  distinctly  by  calculating  the  lengths  of  bars  that 
would  be  altered  in  length  1  inch  by  different  straina  Table  93 
gives  that  length  for  cast  and  wrought  iron. 

(620.)  •*  Extension  of    Wrought  Iron.*'  —  The  elasticity  of 
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wrought  iron  is  very  nearly  perfect  with  moderate  strains,  say 
up  to  8  tons  per  square  inch,  differing  entirely  in  this  respect 
from  cast  iron,  as  we  haye  seen  (604).  Mr.  Hodgkinson  made 
experiments  on  two  bars  50  feet  long  of  the  respective  diameters 
of  ^  and  I  inch,  the  results  of  which  reduced  to  parts  of  the 
length  are  giyen  by  cols.  3,  3  in  Tables  94,  95.  For  the 
weights  in  even  tons,  cols.  1,  1,  the  extensions  were  obtained 
by  interpolating  between  the  next  greater  and  lesser  experi- 
mental numbers  as  given  by  cols.  3,  3,  without  correction, 
that  is  to  say,  without  attempting  to  equalize  or  eliminate  the 
unavoidable  errors  and  anomalies  of  experiment;  the  mean 
result  of  the  two  experiments  is  given  by  col.  5  of  Table  91. 
It  will  be  observed  that  the  Modulus  of  Elasticity,  cols.  4,  4 
in  Tables  94,  95,  with  which  perfect  elasticity  would  have  been 
the  same  throughout,  is  practically  uniform  up  to  about  8  tons 
with  the  |-inch  bar,  and  about  9  tons  with  the  ^-inch  bar,  the 
departures  from  uniformity  being  no  doubt  due  to  errors  of 
observation.  Defect  of  elasticity  would  have  been  manifested 
by  a  regularly  progressive  reduction  of  the  Modulus ;  if  there 
were  such  a  reduction  it  must  have  been  exceedingly  smaU,  and 
being  obscured  by  errors  of  observation,  it  does  not  appear  in 
the  experiments. 

(621.)  "  Effect  of  Time,^* — One  very  instructive  and  important 
point  brought  out  very  clearly  by  these  two  experiments  is  that 
with  heavy  loads  the  extension  is  not  governed  by  the  strain 
alone,  but  becomes  also  a  question  of  tinie.  The  falling  off  in 
the  Modulus  with  strains  greater  than  8  or  9  tons,  seems  to 
show  that  the  bars  were  overloaded,  and  in  all  probability 
observations  to  that  end  would  then  have  begun  to  show  the 
effect  of  time,  but  such  observations  were  not  made  until  the 
|-inch  bar  was  loaded  with  about  13  tons,  and  the  ^inch  bar 
with  14*3  tons  per  square  inch,  and  then,  even  five  minutes  of 
time  had  a  great  effect  on  the  result. 

The  Table  alone  gives  a  very  imperfect  idea  of  the  relative 
effects  of  the  gradually  increasing  strains  on  the  extensions 
and  of  the  influence  of  time  on  the  results;  the  Diagram, 
Fig.  215,  shows  both  graphically.  A  careful  comparison  of  the 
results  of  the  two  experiments  in  Tables  94,  95,  will  show  a 
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Table  94. — Of  the  Extension  and  Permanent  "  Set  "  of  a  Bab  of 
Wrought  Iron  f  inch  Diameter — continued. 


Tensile  Stnda  per 
Square  Inch. 

Extension 

Effect  of  Time 

Permanent 

Batioof 

Set  to 

Extension 

percent. 

in  Parts  of  the 
Length. 

on  the  Extension 
per  Gent. 

«Set*»  In  Parts 
of  the  Length. 

Tom. 

Lbs. 
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30,284 
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•  • 
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Do. 
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•  • 

n 

Do. 

-00197167 

17  do.  19-0 
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Do. 

•0066383 
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Table  05. — Of  the  Extension  and  Permanent  "  Set"  of  a  Bar  of 

Wrought  Iron  i  inch  Diameter. 
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tolerably  close  agreement  in  tHe  extensions  up  to  18  tone  per 
square  inch,  but  beyond  that  point  the  |-inch  bar  yields  more 
both  to  time  and  extra  strain  than  the  ^inch  one;  it  will 
therefore  be  expedient  to  consider  them  separately. 

(622.)  With  the  ^inch  bar,  the  most  remarkable  fact  is,  that 
the  effect  of  time  with  each  load  is  at  first  very  great,  bat  con- 
tinuaUy  decreases  until  it  becomes  nil,  time  having  no  further 
effect.  Thus  with  40,013  lbs.,  or  17*86  tons,  per  square  inch, 
the  first  hour  produces  by  col.  4  an  increase  of  14*5  per  cent., 
but  the  next  hour  only  1  per  cent. ;  the  next  only  0*8; 
the  next  0  *  1  per  cent.,  &c.,  until  the  7th  hour,  after  which, 
time  ceases  to  have  any  effect.  Similarly,  with  42,681  lbs.,  or 
19*05  tons,  the  effect  of  10  —  5  =  5  minutes,  is  to  increase 
the  extension  9  per  cent,  and  then  46  hours  gives  a  further 
increase  of  only  10*9—9  =  1*9  per  cent.  With  45,348  lbs.,  or 
20*24  tons,  1  hour  gave  an  increase  of  1  per  cent.,  2  and  19 
hours  having  no  further  effect.  Finally,  with  so  great  a  strain 
as  50,683  lbs.,  or  22*  63  tons,  per  square  inch,  7  hours  gave  only 
the  small  increase  of  0  *  08  per  cent,  12  hours  having  no  further 
effect  on  the  extension. 

(623.)  The  |-inch  bar  seems  to  have  been  a  softer  and  more 
ductile  iron  than  the  other ;  the  effect  of  time  on  the  extension 
was  much  greater  and  much  more  persistent ;  although  the  first 
increment  was  the  most  influential,  the  effect  was  reduced  less 
rapidly,  as  shown  by  col.  4.  Thus,  with  a  strain  of  80,284  lbs., 
or  13*52  tons,  per  square  inch,  the  extension  increases  regularly 
(although  after  1  hour  at  a  diminishing  rate)  up  to  17  hours, 
when  it  became  19  per  cent.  With  32,808  lbs.,  or  14*65  tons, 
per  square  inch,  which  is  not  a  very  heavy  strain,  the  effect  of 
time  was  enormous,  5,  10,  and  15  minutes  giving  an  increase  on 
the  extension  of  27*5,  44*5,  and  83*7  per  cent,  respectively; 
at  this  last  rate  the  extension  of  the  bar  would  in  18  minutes 
have  been  double  that  produced  immediately  by  14  *  65  tons  on 
this  particular  bar.  With  34,070  lbs.,  or  15*21  tons,  2  -  1  = 
1  minute,  gave  *04,  and  1  hour  =  32  per  cent,  increase. 
Finally,  with  35,332  lbs.,  or  15*77  tons,  10  -  5  =  6  minutes, 
gave  6  *  9  per  cent,  increase,  &c.  The  combined  results  of  both 
sets  of  experiments  are  given  by  Table  96. 
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Leiiviur  sti-ains,  the  oxteusioiis  incrci 
load,  and  with  all  such  strains  are  stil 
to  an  extent  varying  considerably  \ 
particular  specimen  of  iron. 
4  (625.)  Another  important  practical 

this  investigation,  namely,  that  where  i 

initial  strain  may  be  put  on  wrought 

after  a  certain  time  will  not  exceed  8 

'  For  instance,  say  that  a  wrought-ii 

^  shrunk  hot  on  a  cast-iron  wheel,  &c., 

that  when  cold  it  shrinks  to  such  an 
say  20  tons  per  square  inch ;  but  tha 
manent ;  the  bar  would  immediately  1 
doing  relieve  the  pressure  upon  it,  f 
wards,  as  the  strain  was  reduced,  mo 
after  a  long  period  it  became  8  or 
extent  to  which  it  was  originally  si 
20  tons,  and  that  strain  was  re 
seconds  (90). 

(626.)  "  Compression  of  Wrought  . 
made  by  Mr.  Hodgkinson  on  two  h 
about  1  inch  square  and  10  feet  long : 
frame  to  prevent  lateral  flexure,  in 


II 
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The  mean  compression  of  the  two  bars  is  given  by  Table  98, 
and  in  cols.  4, 5,  reduced  results  are  given,  which  may  be  taken 
as  sufficiently  correct  for  ordinary  purposes. 

(627.)  "  Effect  of  Timer— The  eflfect  of  time  in  increasing 
the  amount  of  compression  was  observed  with  one  of  the  bars 
only,  and  that  not  before  a  strain  of  30,858  lbs.,  or  13*77  tons, 
was  applied :  the  influence  of  time  was  then  found  to  be  very 
great,  the  compression  being  increased  '002175 -f-  '00158333 
=  1 '  37,  or  37  per  cent,  in  ^  an  hour ;  48  per  cent,  in  J  hour ; 
and  73  per  cent,  in  1^  hour.  In  aU  probability,  time  would 
have  been  found  influential  with  compressive  strains  of  8  or  10 
tons  per  inch  if  observations  had  been  made,  and  we  may  infer 
that  for  permanent  structures  the  maximum  working  compressive 
strain  should  not  exceed  8  tons  per  square  inch,  being  the  same 
as  we  found  for  the  Tensile  strain  (625). 

(628.)  '^  Comparative  Extension  and  Compression  of  Wrought 
Iron" — We  found  (616)  that  with  small  strains,  when  defect  of 
elasticity  was  uninfluential,  cast  iron  yielded  more  to  compres- 
sive than  to  equivalent  tensile  strains.  A  similar  comparison  of 
the  elasticity  of  wrought  iron  leads  yet  more  clearly  to  the  same 
result,  as  shown  by  Table  91 ;  the  elasticity  of  wrought  iron  is 
80  nearly  perfect  that  the  ratio  is  nearly  the  same  with  all 
strains  up  to  10  or  11  tons,  the  mean  ratio  in  col.  7  from  1  to  11 
tons  is  1  -  236. 

The  length  of  rods  and  pillars  of  wrought  iron  that  would 
be  shortened  1  inch  by  different  tensile  and  compressive 
strains  is  given  by  Table  93,  and  will  suffice  to  give  a  general 
idea  where  it  is  desired  to  avoid  the  trouble  of  exact 
calculation. 

(629.)  "  Comparative  Extension  of  Cast  and  Wrought  Iron" — 
These  two  important  materials  are  frequently  combined  in 
structures,  and  the  differences  in  their  elasticity  cause  unequal 
strains  under  circumstances  where  perfect  equality  might  have 
been  expected. 

We  will  first  consider  the  relative  extensions  of  cast  and 

wrought  iron  under  the  same  tensile  sti^in  : — here  the  maximum 

strain  must  of  course  be  limited  by  the  strength  of  the  weaker 

material  of  the  two,  namely,  cast  iron,  which  may  be  taken  at 
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Table  07. — Of  the  Compression  of  Wrought  Iron  by  Crushing 

Strains — continued. 


Oompreflsl 

ve  Strain  per 

Modnlns  of 

Square  inch. 

Shortening  in  Parts 

EUsUdty  ^ 

J^    T  W^ 

of  uie  Length. 

in  Lbs.  per 

Tom. 

Lbs. 

Square  Inch. 

7 

15,680 

•00064843 

24,181,000 

17,888 

•00074266 

24,089,000 

8 

17,920 

•00074400 

24,086,000 

20,050 

•00083333 

24,060,000 

9 

20,160 

•00083884 

24,033,000 

22,211 

•00094167 

23,586,000 

10 

22,400 

•00095261 

23,514,000 

24,372 

•00106667 

22,850,000 

*' 

11 

24,640 

•00108216 

22,769,000 

26,534 

•00119167 

22,265,000 

12 

26,880 

•00121834 

22,063,000 

28,696 

•00135834 

21,126,000 

13 

28,130 

•00140340 

20,756,000 

So, 858 

•00158333 

19,490,000 

In  ^  hour 

•00217500 

•  m 

f»     «      n 

•00235000 

•  • 

nU     „ 

•00273334 

•  • 

(1) 

(2) 

(3) 

(4) 

7  tons  per  square  inch.  In  Table  99  the  cols.  2  and  3  have 
been  taken  from  cols.  4,  4,  of  Tables  88,  96,  and  col.  4  giyes  the 
ratio  which  increases  regularly  throughout,  this  fact  being  due 
to  defect  of  elasticity  in  the  cast  iron  as  opposed  to  the  almost 
perfect  elasticity  of  wrought  iron,  the  ratio  rising  from  2*066 
with  1  ton  to  3  •  008  with  7  tons  per  square  inch.  Thus,  eyen 
with  so  low  a  strain  as  1  ton,  the  extension  of  cast  iron  is  more 
than  double  that  of  wrought  iron. 

(630.)  But  this  statement  does  not  give  a  clear  idea  of  the 
effect  of  the  unequal  resistance  to  the  same  extension  which 
happens  in  those  numerous  cases  where  the  two  materials  are  so 
combined  that  a  given  load  must  of  necessity  stretch  them  both 
to  the  same  extent.  Thus,  in  Fig.  123,  let  A  be  a  rod  of  cast 
iron  one  square  inch  in  area,  and  B  a  similar  one  of  wrought 
iron  stretched  simultaneously  and  of  necessity  to  the  same 
extent  by  the  weight  W.  Now,  with  say  4  tons  per  square  inch 
on  A  the  extension  by  col.  4  of  Table  88  would  be  •  00077282, 
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where  between  9  and  10  tons  per  sqnare  inch,  and  by  interpola- 
tion we  shall  find  the  exact  strain  to  be  9  *  555  tons ;  the  weight 
W  in  Pig.  123  is  therefore  4  +  9  •  555  =  13  •  555  tons.  Instead, 
therefore,  of  the  two  bars  A  and  B  dividing  the  load  equally 
between  themselyes,  we  find  that  it  is  very  unequally  divided : 
Table  100  has  been  calculated  in  this  way ;  col.  4  eJiows  that 
the  ratio  of  the  strains  is  variable,  attaining  a  maximum  with 
4  tons  per  square  inch. 

Table  100. — Of  the  Comparative  Besistance  of  Cast  and 
Wrought  Iron  to  the  same  amount  of  Extension  by  Tensile 
Strains. 


ExtenBion  in 

Parts  of  the 

Length. 

Toub  per  Square  Inch. 

Ratio, 
to 

e 

Cast  Iron, 
c 

Wroogfat  Iron. 

10. 

•00016556 
•00034865 
•00054894 
•00077282 

•00102371 
•00134480 
•00167840 

(1) 

1 
2 
3 
4 

5 
6 
7 

(2) 

2-077 
4-370 
6-878 
9-555 

11^881 
13^132 
13  564 

(3) 

2-077 

2-185 

2-293 

(2-389) 

2-376 
2-189 
1-938 

(0 

(631.)  We  found  in  (617)  that  the  working  safe  tensile  strain 
on  cast  iron  was  about  2^  tons,  with  which  the  extension  was 
*  000413 ;  now  with  that  extension  the  resistance  of  wrought 
iron  would,  by  coL  5  of  Table  91,  be  somewhere  between  5  and 
6  tons  per  square  inch,  and  by  interpolation  we  find  the  exact 
strain  to  be  5*31  tons,  from  which  we  find  the  weight  W 
=  2-33  +  5-31  =  7^64  tons. 

(632.)  We  have  so  far  supposed  that  the  bars  A,  B,  were  of 
the  same  area  for  the  sake  of  illustration  ;  obviously  the  areas 
might  be  adjusted  so  that  the  weight  borne  by  the  two  bars 
would  be  equalized,  but  the  strains  per  square  inch  could  not  be 
altered  without  a  violation  of  correct  principles.  Thus,  if  the 
cross-sectional  area  of  A  were  1  square  inch,  then  by  making 
that  of  B  2  •  33  -7-  5  *  31  =•  44  square  inch,  the  weight  borne  by 
B  would  be  the  same  as  that  borne  by  A,  namely,  *44  x  5*31 
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=  2'33  tone,  and  we  tbns  obtain  W  =  4*66  tons,  the  sttaia 
per  sqnoTo  inch  on  the  wronght-iroo  bar  being  bUU 
5-31  tons. 

(G33.)  It  will  be  evident  from  this  that  with  any  oidinary 
combinatioa  of  oast  and  wronght  iron  the  fall  value  of  the 
working  etrength  of  the  latter,  namely,  8  tona,  cuinot  be 
realised  ;  for  this  and  other  TcaBons  such  combinations  are  not 
expedient,  at  least  in  cases  where  considerable  Btraina  have  to 
be  borao.  With  8  tons  per  sqnaro  inch  on  the  wronght  iron  the 
extension  by  col.  4  of  Table  96  would  bo  ■  000638774,  and  with 
that  ostension  the  strain  on  the  cast  iron  by  coL  4  of  Table  88 
would  be  nearly  3^  tone,  or  abont  Italf  the  breakiDg  weight, 
which  woold  not  bo  safe. 

(634.)  "Comparative  Comprettion of  Catl  and  Wrought  Inm." — 
The  relative  ultimate  cohesive  strength  of  cast  and  wrought  iron 
being  7  ■  142  and  25  ■  7  tons  per  stiuaro  inch,  we  found  in  (629) 
that  tho  strength  of  a  combination  of  the  two  motals  in  resisting 
a  Icngile  strain  was  governed  potentially  by  that  of  the  weak 


OOMPBISSIOK  OF  OAST  AND  WROUGHT  Il^Olf. 


845 


Table  101. — Of  the  Compression  of  Cast  and  Wrought  Iron 

under  the  same  Crushing  Strains. 


Tons  per 

Square 

Inch. 


1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 

0) 


Compression  in  Puts  of  the 
Length. 


Cast  Iron, 
c. 


"0001695 
0003505 
"0005405 
•0007124 
0008990 

0010876 
0012804 
0014841 
0016770 
"0018722 

"0020680 
0022812 
"0024774 
"0027547 

(2) 


Wrooght  Ircm. 


00010138 
00020278 
00030778 
00040362 
00049340 

00058314 
00068197 
00077791 
00087432 
00098353 

00109665 
00121975 
00137519 
00159414 
(3) 


Ratio. 

e 

10 


1-672 
1-728 
1-756 
1-765 
1-822 

1-865 
1-878 
1-908 
(1-918) 
1-903 

1-886 
1-870 
1-801 
1-721 

(♦) 


resistanoe  of  the  wrought  iron  has  been  taken  as  constant,  which 
is  practically  true  even  with  strains  of  a  yery  temporary 
character  (634),  to  which  alone,  in  fistct,  this  part  of  the  table 
strictly  applies.  With  strains  not  exceeding  5  tons  on  the  cast- 
iron  and  9  *  226  tons  per  square  inch  on  the  wrought'iron  bars, 
the  Table  may  be  regarded  as  accurate  for  permanent  loads. 

(636.)  It  appears  from  this  investigation  that  in  combinations 
of  cast  and  wrought  iron  under  compressive  strains,  the  working 
load  on  the  cast  iron  must  not  exceed  5  tons  per  square  inch, 
although  the  ordinary  safe  strain  is  14  tons,  and  the  ultimate, 
or  crushing  strain  43  tons  per  square  inch.  This  shows  clearly 
the  inexpediency  of  such  combinations  in  ordinary  cases  and  for 
heavy  loads. 

(637.)  "  Extension  and  Compression  of  Timber,  de" — We  have 
unfortunately  no  direct  experiments  on  the  extension,  &c.,  of 
most  materials,  and  shall  be  obliged  to  refer  to  experiments  on 
the  transverse  strength  and  stiffness,  and  to  calculate  the  longi- 
tudinal strains  and  elasticities  from  the  transverse  ones.    There 
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Table    IDS Of    the    Comparative    nmwrANCB    of    Cabt   and 

Wbouoht  Ibob  to  the  Mtne  Amodkt  of  Comfskssion  by  CstisBEia 
Strains. 


Cut  Imn.       Wroue^L  Iron, 


•0001 885 

•tKKtasos 

•0005406 
■0007124 
•0008090 
-0010876 
'001S804 
■00H811 
■OOIBTTO 
■00IB722 


3  M6 
5-525 
7-317 


ie  coneiderable  uncertainty  in  tins  method,  which  has  also  the 
further  disadTantago  of  giving  instparobly  tbe  result  of  the 
comprcseivti  aud  tensile  strains  cumhincd,  so  that  we  cannot 
dotormino  the  value  of  either  alone.  It  will,  therefore,  be  well 
to  see  bow  fur  this  method  agrees  with  direct  csperiments  on 
such  materials  as  cast  and  wrought  iron,  wboso  strength  and 
elasticity  are  known  with  cei-tainty  (GOO). 

(638.)  We  require  Ist  from  a  iiiowu  weight  in  the  centre  of 
a  rectangular  beam  of  given  dimensions,  to  find  the  mazimmn 
longitudinal  strains,  or  those  at  the  upper  and  lower  edges  of 
the  section.  Obviously  the  strniu  varies  from  nothing  at  the 
neutral  axis  to  a  niasimum  at  the  upper  and  lower  edges  (494). 
Then  2nd,  from  the  observed  deflection  we  have  to  determine  the 
extension  and  compression  produced  by  those  longitudinal 
strains. 

To  find  the  maximum  longitudinal  strains  from  the  trtmavorso 
7  Xt 


load,  we  have  the  Eulo  (513),  or  /  =     -^ 


D': 


For  a  bar 
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1  inch  square  and  1  foot,  or  12  inches,  betwecH  supports,  the 

1  M  ^1  V  r  3xWxl2  36  xW  iQ^w 
rule  evidently  becomes  /=  -^ r^ — i- ,  or  — ^ — ,  or  18  x  W, 

from  which  we  have  the  simple  law  for  a  bar  of  those  sizes,  &c., 
that  the  maximum  longitudinal  strain  is  18  times  the  transverse 
load  :  hence  we  have  the  Bule : — 

(639.)  /  =  W  x  18. 

We  may  now  apply  this  Eule  to  Timber  whose  tensile  and 
crushing  strength  is  known  by  direct  experiment:  for  the 
former  we  shall  take  Mr.  Barlow's  results  in  Table  1,  and  for 
the  latter,  Mr.  Hodgkinson'S  in  Table  82:  the  Transverse 
strengths  will  be  given  by  Table  65. 

(640.)  A  bar  of  ash  1  inch  square  and  1  foot  long,  breaks 
with  a  load  of  681  lbs.  in  the  centre,  the  maximum  longitudinal 
strain/  =  681  x  18  =  12268  lbs.  per  square  inch ;  by  direct 
experiments,  the  tensile  strength  T  =  17077  lbs.;  and  the 
crushing  strength  C  =  9023  lbs.  per  square  inch :  the  mean  of 
the  two  is  18,050  lbs.,  or  nearly  as  given  by  the  Eule. 

English  oak  breaks  transversely  with  509  lbs.;  hence /  = 
509  X  18  =  9162  lbs.  per  square  inch :  by  direct  experiments 
T  =  10389  lbs.,  and  C  =  8271  lbs.  per  square  inch ;  the  mean 
of  the  two  =  9380  lbs. 

Beech  breaks  transversely  with  558  lbs. :  hence  /=  558  x  18 
=  10044  lbs.  per  square  inch ;  by  direct  experiments  T  = 
11467  lbs.,  and  C  =  8548  lbs. ;  the  mean  being  10,007  lbs.  per 
square  inch. 

Teak  breaks  transversely  with  724  lbs. :  hence /=  724  x  18 
=  13032  lbs.  per  square  inch ;  by  direct  experiments  T  =  15090 
and  0  =  10706,  the  mean  being  12,898  lbs.  per  square  inch,  &c. 

The  application  of  the  rule  to  cast  and  wrought  iron  is  given 
in  (520). 

(641.)  Having  found  the  value  of  /,  or  the  maximum  strain 
at  the  upper  and  lower  edges  of  the  section,  we  have  now  to 
find  the  extension  and  compression  there  from  the  deflection  of 
the  beam  with  a  given  load  in  the  centre,  for  which  we  have 
the  Eule : — 

(642.)  ^-2x(i-r2)»' 


I 


» 
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in  which  D  =  dopth  of  rcctangnlar  bar  in  inches,  I  =  length 

between  supports  in  inches ;    5  =:  deflection  at  tho  centra  in 

inohos :  and  E^  =  extension  in  parts  of  the  length :  it  will  b« 

obaorred  that  the  central  load,  and  the  breadth  have  nothing  to 

do  with  the  question  in  this  case.     The  rule  also  supposes  tli&t 

the  compression  C  is  equal  to  E^,  which  perhaps  is  uoorly  tme 

for  light  strains  (617)  with  moi^t  materials. 

(043.)  For  a  bar  1  inch  sqoare.and  12  inches  long,  1-4-9=6, 

wv        IV              -D.        3xlxS         3x8  fi.v. 

and  the  rule  becomes  E^  =  -^ j^^,  or  —^a~t  *"  ST'  ""' 

ia  to  say,  the  maximum  extension  and  compression  is  g^th  of  Qw 
transverse  deflection. 

Table  105  gives  in  col.  4  tho  mean  deflection  of  bars  of  many 
materials,  1  inch  square,  1  foot  or  12  inchc»  long,  by  1  lb.  in 
the  centre,  which  by  (G38)  is  equivalent  to  18  Iba,  longitudinally. 

Thns  with  c»st  iron  the  mle  ,—  becomes  -00002886  -f-  44  = 

■0000012  for  IS  lbs.,  tlicrcforc  ■  0000012 -^  IS  ='0000000667 

far  1  11..,  or  -0001)000667  X  2^10  =  -0001494  por  ton,  tie 

length  strained  beiug  1-0. 

Tho  rule  ^  giving  in  this  onso  the  estcnsion  fur  18  lbs.  per 

S  8 

square  inch  longitudinally,  is  equivalent  to     -  — -%.   or  ,,,., 


square  inch. 

For  a  standard  bar  1  inch  square,  and  1  foot  long,  we  hate 
tho  Rules : — 


(G45.)  Ei  =  Sx5'18, 

in  which  Ep  =  the  extension  or  compression  in  parts  of  the 
length  per  lb.  i>er  square  inch  Ei  =  tho  extension  or  com- 
pression por  ton  2K!r  wiunre  luch  n  =  tho  deflcjctioTi  in  inches 
by  1  lb.  in  centre;  thus  for  cast  iron  o  -  -00002886  by  col.  4 
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of  Table  105;  hence,  Bnle  (645)  becomes  -00002886  x  5*18 
=  •  0001494  as  before  (643). 

(646.)  Galcolating  in  this  way  we  baye  obtained  col.  8  of 
Table  105.  Comparing  these  results  for  cast  and  wrought  iron, 
with  those  obtained  by  direct  and  exact  experiment  in  Table  91, 
we  have  for  cast  iron  -0001494  by  Table  105,  while  Table  91 
gives  for  extension  -00016556,  and  for  compression  -0001695 
parts  of  the  length,  by  1  ton.  For  wrought  iron.  Table  105 
gives  •  00008106,  while  Table  91  gives  for  extension  -  000080121, 
and  for  compression,  *  00010138  parts  of  the  length,  by  1  ton. 
These  results  agree  fairly  well  together ;  hence  we  may  have 
confidence  in  the  method  we  have  followed,  and  by  which  col.  8 
of  Table  105  has  been  obtained. 

We  may  now  illustrate  the  application  of  these  rules  to 
practice :  say  we  have  a  wrought-iron  bar  50  feet,  or  600  inches 
long,  with  a  tensile  strain  of  8  tons  per  inch :  then  the  exten- 
sion =  -00008106  X  600  x  8  =  0-389  inch.  Direct  experi- 
ment gives  by  col.  5  of  Table  91,  -000638774  x  600  = 
•  383  inch. 

Again,  a  bar  of  Biga  fir,  with  say  2  tons  per  inch,  and  a 
length  of  30  feet,  or  360  inches,  will  stretch  -  00197  X  360  X  2 
=  1-42  inch. 

Again,  a  pillar  of  English  oak  12  feet  or  144  inches  long, 
with  a  compressive  strain  of  f  ton  per  square  inch  will  be 
shortened  by  the  pressure  •  002042  X  144  x  |  =  0  -  22  inch : 
this  being  the  mean,  col.  8. 


CHAPTEE  XVI. 

ON  THE  DEFLECTION  OF  BEAMS. 


(647.)  "  Form  of  Curve  of  Flexure"— With  a  parallel  beam, 
or  one  having  uniform  depth  and  breadth  throughout  the  length, 
resting  on  bearings  at  each  end,  and  loaded  with  a  central 
weight,  the  strain  on  the  material  is  a  maximum  at  the  centre, 
and  is  progressively  reduced  toward  the  ends,  where  it  becomes 
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notliing.  In  that  cose  the  elastic  cuire  bae  ito  shortest  radiHB 
at  tho  centre,  the  curve  becoming  progressively  flutter  toward 
the  ends,  where  it  is  a  straight  lino. 

When  tho  strength  at  every  point  is  proportional  to  the 
strain  there,  for  example  when  the  depth  is  uniform,  and  the 
breadth  is  redncod  toward  the  ends  in  arithmeticul  ratio  as  in 
Fig.  116,  the  elastic  curve  is  uniform  in  its  radius  from  end-to- 
end,  that  is  to  say,  it  is  a  simple  spherical  cnrve. 

"  Curve  \nith  Central  Load." — Let  Fig,  17i  bo  a  parallel  beam 
resting  on  two  bearings  and  loaded  in  the  centre :  then  we 
have  tho  Eule : — 

In  which  L  =  length  of  the  beam  between  hearings, 
S  =  deflection  in  centre  by  central  strain. 
X  =  distance  &om  centre  to  a  point  whose  deflectiun 
ie  required. 

y  =  eo-ordiuato  of  the  curve  at  that  point. 
01'  course  all  tho  dimensions  must  bo  in  tho  same  terms,  ftt I, 
in.hofl,  &c. 

(619.)  Thus,  with  a  lK3am   10  feet  long,  Kay  S  =  025  fool; 

'S  X  "i25       /  5  V  *J       27  \ 

a:  =  3  feet  r   thou  by  tho  Ilule  y  =  — -■-_ —  x  (  — 3—^ ^  ) 

=  0-108  foot,  or  1-296  inch:  honco  tho  doflectii.n  at  that  point 
ih  3  —  1-290  =  l'70i  iiit-h.  Calcuhiting  in  this  nay  we  may 
olit.nu  any  nmuber  of  points  throiigh  which  the  entire  curve  uf 
tl<'\ui-e  uiiiy  1)0  drawn.  Table  103  has  been  calculated  by  ttia 
rule,  the  An //'-length  of  the  beam  beint;  divided  into  10  part-^ 
nnd  the  central  deflection  =1-0,  from  which  we  may  oasilj 
find  tho  deflection  at  any  point  in  a  beam  whose  central  di- 
lleetion  is  known  -—thus  in  our  case,  the  point  x  being  3  -^  ■' 
=  Q-C  of  tho  half-length  distant  from  tho  centre,  we  find  the 
deilectiou  ut  that  point  =  0-GG8  x  ^  =  1-704  inch  as  bt-fon- 
Tho  curve  B  in  Ulagr.im,  Fig.  213,  has  been  obtained  froiu 
Table  103. 

''IaxuI  out  of  C<'utre."—Lot  Fig.  175  be  a  parallel  beam  with 
a  load  W  out  of  tho  centre  ;  knowing  tho  deflection  which  auv 
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Table   103. — Of   the   Form   of  the   Curve   of  Flexure   in   a 
Parallel  Beam  Deflected  by  a  Central  Weight,  Fig.  212. 


Distance 

from 

Centre. 

Deflection 

at  that 

Distance. 

Value  of  y. 

Distance 

finom 

Centre. 

Deflection 

at  that 

Distance. 

Value  of  y. 

•0 
•1 
•2 

10000 
•9855 
•9439 

•0000 
•0145 
•0560 

•6 
•7 

•8 

•5680 
•4365 
•2960 

•4820 
•5635 
•7040 

•3 
•4 
•5 

•8785 
•7920 
•6875 

•1215 
•2080 
•3125 

•9 
10 

•  • 

•1495 
•0000 

•  • 

•8505 
•  1^0000 

•  • 

0) 

(2) 

(3) 

0) 

(2) 

(3) 

weight  wonld  produce  at  the  centre,  we  may  find  the  deflection 
at  any  other  point  by  the  same  weight  applied  at  that  point,  by 
the  Eule : — 

(650.)  d  =  ^_»_  X  {  L  X  0  -  ?}'• 


In  which  I  =  the  distance  from  the  weight  to  the  nearest 
bearing  in  the  same  terms  as  L ;  (2  =  the  deflection  at  the  point 
of  application  of  the  weight  W,  and  the  rest  as  before.  Thus 
taking  the  beam  in  (649)  whose  central  deflection  =  3  inches, 
and  say  we  require  the  deflection  at  a  point  3  feet  from  the  end, 
therefore  2  feet  from  the  centre: — then  the  Eule  gives  d  =3 

5^  X  |lO  X  3)  -  3«r=  0^1764    foot,    or    2 •1168    inches. 

Table  104  has  been  calculated  by  the  Bule,  taking  the  central 
deflection  =  l^O,  and  dividing  the  half-length  into  20  parts, 
col.  2  gives  the  deflection  at  each  point  in  the  length  by  that 
same  constant  weight. 

(651.)  For  example,  in  our  case,  the  point  is  2  -f-  6  =  0  •  40 
from  the  centre,  hence  the  deflection  there  =  ^7056  X  3  = 
2*1168  inches  as  before.  The  curve  A  in  Diagram,  Fig.  213, 
has  been  obtained  from  col.  2  of  Table  104,  and  gives  the 
deflection  from  centre  to  end  for  a  rolling  constant  load.  For 
example,  say  we  have  a  beam  24  feet  long,  and  we  require  the 
deflection  at  6  feet  from  the  centre  by  a  certain  weight  applied 
at  that  point.    We  have  first  to  find  what  the  central  deflection 
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tliat  the  weight  is  3  feet  from  one  end,  therefore  17  feet  from 
the  other :  then,  3  X  17  =  51,  or  about  half  that  with  central 
load,  showing  that  the  equivalent  load  there  is  double  the 
central  load,  the  beam  being  equally  strained  in  both  oases, 
although  the  actual  weights  are  in  the  ratio  of  2  to  1,  &o. 

In  Table  104  the  whole  length  is  divided  into  40,  and  the 
half-length  into  20  parts ;  col.  4  gives  the  ratio  of  the  equivalent 
or  safe  load  at  each  point,  and  coL  5  the  ratio  of  the  deflection 
at  that  point  due  to  that  load.  Thus :  the  deflection  with  any 
central  load  being  1*0,  at  a  point  midway  between  the  centre 
and  the  end,  or  *5  of  the  half-length,  it  would  become  *5625 
with  that  same  weight  at  that  point  by  col.  2 :  but  the  safe  load 
would  then  become  1-0  x  400-^300  =  1-333,  as  in  col.  4, 
with  which  the  deflection  would  be  increased  to  *  5625  x  1  *  333 
=  *75,  as  in  col.  5.  The  curve  C  in  Diagram,  Fig.  213,  has 
been  obtained  from  col.  5,  and  this  curve,  it  may  be  observed,  is 
a  parabola,  but  differs  very  slightly  indeed  from  a  simple 
spherical  curve. 

"  Curve  of  Flexure  for  Un-<entral  Load" — When  the  load  is  out 
of  the  centre,  as  in  Fig.  175,  the  elastic  curve  may  be  found  by 
the  Bule: — 

(653.)   ,  =  3ax^i|i±^x{(lH^^x.x.) 

In  which  L  =  length  between  bearings:  8  =  deflection  in 
centre  which  a  given  weight  would  produce  if  placed  there : 
z  =  the  distance  of  the  same  weight  from  the  centre  of  the 
beam:  x  =  the  distance  from  the  weight  towards  the  nearest 
support,  of  a  point  in  the  curve  of  flexure  where  the  deflection 
is  required :  y  =  co-ordinate  of  the  curve  at  that  point, 

(654.)  The  deflection  produced  by  the  weight  at  the  point  of 
application  may  be  found  by  the  Enle  (650),  &o, :  for  instance 
we  have  there  calculated  that  with  a  cerikain  beam  10  feet  long, 
a  weight  which  at  the  centre  gave  8  =  3  inches,  or  ^  foot, 
produced  a  deflection  of  2*1168  inches  at  2  feet  from  the 
centre  when  placed  there.     Now,  if  we  make  a;  =  to  the  whole 

2  A 


DKTLBOnOS   OF  BEAMS:  CCSVa  Or  7LKXUBB. 


distanco  from  the  weight  to  the  anpport,  y  would  obvionsly  be 
2  - 1166,  or  equal  to  the  deflection :  then 

16-2)  X  2  _  ^    N 


1I-3XIX- 


1-6  -  8)  X  9      271 


or  3- 1168  inches,  u  before.    For  the  point  B  we  liavo : — 


J»3xix - 


-  2)  X  2  , 


ax  i) 


-a)x  1    11 


or  -5306  inch :  hence  the  deflection  at  B  =  2-1168  —  -5366  = 
1-5802  inoh.    Similarly  forthepointCwe  have : — 
„       ,       6  +  2       I6-2)X2 


-2)>c4 


I  =  ■  10C4  foot, 

=  2-1168 -1-2531 


or  1 '  2531  inch :  hcnca  the  deflection  at  G  = 
=  ■  8637  inch,  &c. 

Thus  the  flextirc  at  any  number  of  poiots  between  the  wcigbl 
and  0  may  be  found,  and  by  making  z  negative,  the  other  put 
of  the  ciiryo  between  the  weight  and  n  may  ho  found  also. 

(655.)  The  curve  of  flexure  has  in  all  caBea  the  short»l 
radiuB  at  the  point  where  the  weight  ib  applied,  showing  that 
the  strain  is  the  greatest  at  that  point,  and  that  the  beam  will 
break  there,  but  the  deflection  of  the  Ixmni  itt  not  a  masimiun 
at  that  point  except  when  the  weight  ie  at  the  centre.  Thf 
deflection  is  n  maximum  between  the  weight  and  the  centre  of 
the  beam,  but  much  nearer  the  latter  than  the  former :  \U 
position  may  be  found  by  the  Rule  : — 


(656.)    n 
In  which  r 


=  (iLl  +  ')-(jL)'. 
=  the  distance  of  the 


fcight  from  the  point  of 
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maTimnTn  deflection  and  the  rest  as  before:  see  Fig.  175. 
Thus  in  the  case  of  the  beam  in  (654)  we  obtain  m  =  (5  -j-  2)  — 

i          5  X  2  X  2       4\A 
26  H g ft  I        ^ '  ^  ^^^^  from  the  weight,  therefore 

2  —  1*5  =  0*5  foot,  or  6  inches  from  the  centre. 

As  the  distance  of  the  weight  from  the  centre  increases,  so 
does  m  increase,  and  it  becomes  a  maTimnm  when  the  weight  is 
at  the  support,  when  z  =  (^L),  and  it  then  becomes  m  =  (5  +  5) 

-  |25  +  ^  ^  3  ^  ^  -  yp=  4 -227  feet  from  the  weight  (and 

the  support),  or  5  —  4*227  =  0*773  foot  from  the  centre, 
which  is  equal  to  *773  -4-  5  =  '  1546  of  the  half-length  of  the 
beam.  From  this  it  appears  that  wherever  a  weight  is  placed, 
the  point  of  maximum  deflection  can  never  be  more  than  0  *  1546 
of  the  half-length  distant  from  the  centre. 

(657.)  Comparing  the  curves  A  and  B  in  the  Diagram,  Fig. 
213,  we  observe  this  remarkable  fact;  that  the  deflection  at 
any  and  every  point  of  a  beam  with  a  central  load  is  greater 
than  would  be  produced  by  that  same  weight  at  any  other 
point :  for  example,  the  curve  B  =  the  deflection  at  every  point 
throughout  the  length  by  a  given  central  weight,  and  A  =  the 
deflection  at  the  same  point  by  the  self-same  weight  placed 
there.  This  of  course  is  due  to  the  fioct  that  the  beam  is  less 
strained  by  a  weight  out  of  the  centre  than  by  the  same  weight 
in  the  centre.  When  strained  at  every  point  to  the  same 
extent,  or  in  proportion  to  the  strength,  the  deflections  are 
given  by  the  line  C. 

(658.)  "  Laws  of  Deflection'* — The  Deflection  of  beams  varies 
very  much  with  the  methods  of  fixing  and  loading  (667) :  to 
simplify  the  matter  we  may  take  as  a  Standard  case,  that  of  a 
horizontal  beam,  supported  at  each  end  and  loaded  in  the 
centre:  other  conditions  may  be  considered  afterwards.  We 
then  have  the  Bules  — 

(.60.)       . .  ^(pi^y 

2  A  2 
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Babs  of  Rolled  Wbouoht  Ibon. 


Ahkxaued  Ibov. 

Length  between  sapportB.  .6*75  feet. 

Depth 1*027  Inch. 

Breadth       6-510  Inches. 


Defleotloa 


By  Ex- 
periment. 
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riilmlrtfd 
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Deflection  of  Steel  Bars,  4|  feet  long. 


Brown  and  Co/s 

Best  Cast  Steel  for  Turning  Tools  : 

Bar  0*97  loch  Square. 


By 
Experi- 
ment. 


•148 
•283 
•415 
•555 
•690 
•837 
•977 
1117 
1^237 


1747 


(2) 


Calculated. 


•1475 

•2950 

•4425 

•5900 

•7375 

•8850 

10325 

1^180 

1-327 


1-696 


(3) 


Modulus  of 

Elasticity:  Lbs. 

En. 


30,045,000 
31,415,200 
32,144,500 
32,047,900 
32,222,100 
31,875,700 
31,859,400 
31,847,200 
32,352,500 


29,291,100 


(4) 


Brown  and  Oo.*b 

Best  Cast  Steel  lor  Chisels: 

Bar  0*97  Inch  Square. 


By 
Experi- 
ment. 


•166 

•310 

•462 

•614 

•772 

•932 

1-082 

1-242 

1-402 


2-642 


(2) 


Calculated. 


•1475 

•2950 

•4425 

•5900 

•7375 

•8850 

1^0325 

1^180 

1-327 


1-696 


(3) 


Modulus  of 
Elasticity:  Lbs. 


26,787,100 
28,688,100 
28,874,400 
28,968,800 
28,799,600 
28,626,500 
28,767,700 
28,648,500 
28,544,900 


19,355,300 


(*) 


Sunk  with  1400  lbs. :  Mr  =  M03  lbs. 
-  Limit  of  Elasticity  **  =:  1136  lbs. 


Sunk  with  1150  lbs. :  Mt  =:  6071  lbs. 
**  Limit  of  Elasticity  '*  =:  1136  lbs. 


(G61.) 
(G62.) 
(668.) 

(664.) 


BEAKS  :   LAWS  OF  DBf  LSOTIOV. 
,         L'  X  W  X  C 


,//d'  xbxS\ 
'V  VWx  C  A 


,,  ions,  &c.,  dependant  o 


In  which  W  =  weight  or  load  in 
the  value  of  0. 
d  =  depth,  in  inches.  J 

b  =  hruodth,  in  inches.  ' 

>  L  =  length  between  bearings,  in  Feet.  i 

S  —  deflection,  in  inchea 

C  =  Coiietant    derived    from    experiment,    in   lbs., 
tens,  &c. 

(G65.)  Tlie  nienn  valao  of  C  for  most  ordinary  Materials  is 
given  by  col.  4,  &c.,  of  T«blo  105.  Tnble  G4  gives  in  col.  6 
thcmofin  value  for  5i  different  kinds  of  Cast  iron  =  -00002886. 
Tabic  106  gives  the  result  of  ciperimenta  en  the  Deflection 
of  wroughl^iron  bars  by  Mr.  Hodgkinson ;  cols.  3,  3,  3,  3 
having  been  calculated  by  Kulo  (659),  the  value  of  C  being 
taken  at  '00001505  from  col.  4  of  Table  105:  thua  for  the 
bar  in  which  L  =  13-5  feet,  d  =  1-515  ;  I  =  5-523,  and  say 
...  ,  13-5'  X  112  X  -00001565 
W  =  112    lbs.,    we    obtain    6  =  — — i  .>i '^s'^fTro's 

=  0-2246  inch  deflection,  as  in  col.  3  of  Table  106.  Col.  3  of 
Table  70  lias  also  been  calculated  by  this  rule :  col.  4  showB 
very  clearly  the  effect  of  defect  of  Elasticity,  the  Itatio  rising 
from  1-0  with  light  loads  to  13-13  with  Breaking-down  load. 

Table  107  gives  the  result  of  Mr.  Fairbairn's  eiperimenta  on 
the  deflection  of  Steel ;  cols.  3,  3,  3,  3  have  been  calculated  by 
Rule  (659),  the  value  of  C  being  token  at  -00001433  from  col.  4 
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of  Table  105;  thus  for  the  bar  in  which  L  =  4*5  feet;  d  s 

1-054;  h  =  1-064,  and  say  W  =  1000  lbs.,  we  obtain  8  = 

4-6»  X  1000  X  -00001433       i  akq-    i.  j  ^    *:  •        i  q 
1.054»^  1-054 "  1-058  inch  deflection,  as  in  001.3 

of  Table  107. 

(666.)  Table  108  gives  the  result  of  special  experinients  on 
Blaenavon  Cast  iron ;  it  will  be  found  that  with  small  loads, 
say  up  to  ^rd  of  the  breaking  weight,  the  deflections  will  be 
given  by  Bule  (659)  with  moderate  accuracy,  as  shown  by  col.  7, 
but  as  the  load  increases  the  experimental  deflections  exceed 
the  calculated  ones  more  and  more.  This  fact  is  due  to  defect 
of  elasticity,  leading  to  the  necessity  for  special  Bules  for  Cast 
iron  under  heavy  strains:  this  matter  is  fully  considered  in 
(688).  CoL  7  has  been  calculated  by  Bule  (659),  taking  the 
value  of  C  for  Blaenavon  iron,  at  -00003133  from  col.  6  of 
Table  64.  Thus  for  the  bar  in  Table  108,  in  which  L  =  13  •  5 ; 
d  =  1-522;  h  =  3-066;  and  say  W=  112  lbs.,  we  obtain  8  = 
13-5»  X  112  X  -00003133      ^  „^q„  ^  o  .    .     «,^  _ 

1.5223x3-066 =  ^•^^®^'  ^'  ^y  ^'^  "'"^'  *°"*" 

in  col.  7  of  Table  108. 

Table  112  gives  in  cols.  2,  6  the  deflections  of  two  large 

beams  of  American  Pine  from  the  experiments  of  Hr.  Edwin 

Clark ;  cols.  3  and  7  give  the  calculated  deflections  by  Bule 

(659).    Taking  the  value  of  C  by  Tredgold's  experiments  in 

col.  4  of  Table  105,  at  •  0002661  inch,  we  obtain  for  say  3653  lbs. 

15'  X  3653  X  '0002661      a  icoo  •    v  j  ii    *• 

8  = — -^.     \,^ =  0-1582  inch  deflection,  as  in 

12'  X  12 

coL  3 :  experiment  gave  0  *  15  in  col.  2.    It  will  be  observed 

that  up  to  the  safe  load,  say  ^th  of  the  breaking  weight  (888), 

the  deflections  as  calculated  agree  fairly  with  experiment,  but 

as  the  load  is  increased,  the  actual  deflections  are  more  and 

more  in  excess  of  those  given  by  the  rule,  this  being  due  to 

defect  of  Elasticity  (692). 

(667.)  «  Effect  of  Modes  of  Fixing  and  Loadingr—Whea  the 
deflection  for  the  Standard  case  of  a  beam,  having  the  load  in 
centre  and  supported  at  the  ends,  is  known  by  calculation  ^or 
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experiment,  the  effect  of  other  conditions  may  be  most  readily 
found  by  the  use  of  Oonstants :  we  then  have  the  ratios — 

Beam  supported  at  ends  and  weight  in 

centre  ..  ..  ..  ..  deflection  =  1*0 

Beam  supported  at  ends,  load  equally 

distributed  all  over  ..  ..  ..         „         =      i 

Beam  built  into  walls,  &c.,  at  each  end, 

load  in  centre  ..  ..  ..         „         =      f 

Beam  built  into  walls,  &c.,  load  equally 

distributed  all  over  ..  ..  ..         „         =     tV 

Beam  fixed  at  one  end  and  loaded  at 

the  other       ..  ..  ..  ..         „         =    32 

Beam  fixed  at  one  end,  load  equally 

distribi\ted  all  over  ..  ..  „         =12 

In  all  these  cases,  the  weight  is  supposed  to  be  constant. 
There  is  considerable  uncertainty  in  the  deflection  of  beams 
fixed  at  one  end,  arising  from  irregularities  in  fixing.  This  is 
shown  by  Mr.  Fincham's  experiments,  who  found  the  ratio  to 
vary  from  18*6  to  44*5,  the  mean  of  14  experiments  being  28, 
whereas,  the  theoretical  ratio,  as  we  have  shown,  is  82. 

(668.)  "  Batio  of  Bound  and  Square  5edu)fw."— Theoretically 
a  round  bar  deflects  more  than  a  square  one  in  the  ratio  o{  1  *  7 
to  1  *  0,  the  weight,  &c,,  being  the  same  in  both  cases,  and  this 
ratio  should  be  the  same  for  all  materials.  It  is  probable  that 
this  ratio  is  correct  for  light  strains,  but  when  the  breaking 
weight  is  approached  the  conditions  are  changed,  and  the  ratio 
of  stiffiiess  seems  to  change  also :  from  the  inadequate  experi- 
ments we  have  the  experimental  ratio  is  for  wrought  iron  1  *  6 
to  1 '  0,  and  for  cast  iron  1  *  5  to  1  *  0. 

"  Cast-iron  X  Sections.'* — ^When  the  top  and  bottom  flanges  of 
a  girder  are  equal  to  one  another  the  theoretical  Bule  for 
deflection  is 

(669.)    8  =  L'XWX0^{^^\^^^^}. 

In  which  D  =  the  total  depth,  B  =  breadth  of  flanges,  and  d  s 
the  depth  between  top  and  bottom  flanges,  h  =  breadth  of  flange 
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minna  tbe  tliicknew  of  the  vcrticRl  web,  all  in  inches ;  L  =  the 
lengtli  of  the  beam  botwoen  Eupporta  in  feot ;  W  =  oeiitrttl  load 
in  tons,  Iba,,  Ac,  dependent  on  0,  tbe  value  of  which  is  giTeL 
by  col.  4  of  Table  105 :  col.  6  of  Table  64,  Ac 

"  Old  Rule." — Tbe  Rale  commonly  need,  olthongh  not  so 
correct  in  principle,  will  give  roanlta  vhich  agree  better  with 
oxpoiiment :  this  rule  becomoa  | 

(670.)    8  =  L"  X  W  X  C-^{D'xB)-((Px6}'  fl 

"  UneqaaUfianged  Seituftg." — In  ordinary  cases,  the  HangceoPfl 
oast-iron  girders  are  unequal,  as  in  Pig.  79,  which  is  tbe  Boctioo 
of  large  girdcrn  eiperimented  npon  by  Mr.  Owen,  whose  results 
are  given  by  Table  68.    For  Bucb  sections  we  have  the  Bnle.*— 

(G71.)  ■ 

S  =  L'x  WxC-^{D'xB)-(rf'x6]  +  [<t,'x^).^B 
In  which  D  =  total  depth,  d  =  total  depth  mians  that  of  ^^^^ 
bottom  flange,  (i,  =  the  depth  between  top  and  bottom  flangai: 
B  -  brondth  of  bottom  flange,  h  =  tbe  breadth  of  bottom  flaiifn 
niiuuR  tbat  of  the  top  one,  to  =  breadth  of  top  flange,  minus  tht 
thickness  of  the  web.  Thus  in  Fig.  79,  D  =  14,  rf  =  14  -  IJ  - 
12j.'',.  =  UJ.B  -  12,  6  =  12  -  3J  =  aj,  (i„  =  3J  -  1  =  21: 
tbcu  taking  C  from  col.  6  of  Table  64  -  -00002886,  and  W  = 
Bay  7  tuns,  or  15,G80  IbK..  ftud  L  =  16  feet,  we  obtain  6  =  16'  x 
15680  X  - 00002886 -r{  14' X  12)  -  (12^  x  81] -f  [llj' x  2!  j 
=  -1349  inch  deflection  of  a  parallel  beam,  but  in  our  casi' 
the  flangcB  were  bellied,  as  in  Fig.  131,  when  tbe  deflections  arc 
greater  in  the  ratio  1'44  to  1 -0  (701),  hence  -1349  x  1-44  = 
■  1942  inch  deflection.  The  cxperiraental  deflections  were  very 
variable,  as  shown  by  Tabic  68,  ranging  in  11  specimens  from 
'14  inch  to  -42  inch,  or  in  the  ratio  1  to  3. 

"  Cost  Iron  A.  and  J  Sec/inns. "—We  found  in  (344)  that  the 
transverse  atrenglh  of  these  sections  dcpcnils  on  their  position, 
being  greater  in  X  than  in  T  in  tbe  Katio  3-08  to  1  -0  in  that 
particular  case.  But  the  el'iffncss  of  such  beams  is  the  same  in 
either  position,  as  shown  by  Mr.  Hodgkinsou's  ei]iorinients : 
thus  in  Fig.  72,  G  and  H  were  practically  identical,  and  with  a 
length  of  CJ^  feet  the  results  wore  — 
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T  X 

With  14  lbs.,  the  defleotions  were  '032  inch,  and  '025  inch. 

21    „  „  '046    „  -045    „ 

28    „  „  -064    „  -065    „ 

56    ^  „  -130    „  -134    „ 

112    „  „  '278    „  -270    „ 

Showing  almost  perfect  eqnality  np  to  112  lbs.,  which  is  about 
^rd  of  the  breaking  weight  in  position  T  (364  lbs.),  bnt  ^th 
only  in  position  ±  (1120  lbs.).  The  old  Bnle  (670)  will  give 
the  same  deflection  in  either  position :  thos  with  Fig.  72,  and 
W  =  say  112  lbs.  we  obtain  8  =  6^*  x  112  x  -00002886  -4- 

{ 1-55'  X  5)  -  (i'25»  X  4-64}  =  -1853  inch  deflection:  ex- 
periment gave  *  273  inch. 

(672.)  "  WraugJa^ran  1  Sediona"— The  Rules  we  have  given 
for  cast-iron  X,  T,  and  X  sections  will  apply  equally  to  wrought- 
iron  ones,  with  the  proper  value  of  0,whidi  for  lbs.  =  '00001565 
by  coL  4  of  Table  105.  Thus,  with  Fig.  154,  by  Bule  (669) 
D*  =  10000,  cJ*  or  8J*  =  5862,  6  =  4f  -  i  =  4^,  Ac.,  L«  or 
18'  a  5832,  and  with  W  -  say  30^  cwt.  or  33,880  lbs.  we  obtain 

9  =  6832  X  33880X  ' 00001565 ^ ^^^^^ >< 4|) -(5862 x 4i|  ^ 

*  1369  inch  deflection :  experiment  gave  '  16  inch.  Table  73 
gives  in  col.  8  the  experimental  deflection  of  a  series  of  rolled 
beams  of  ordinary  equal-flanged  sections:  col.  9  has  been 
calculated  by  Bule  (669)  and  shows  an  error  of  —  14  per  cent. 
The  old  Bule  (670),  although  not  so  correct  in  principle,  will 
give  results  which  agree  better  with  experiment;  col.  10  has 
been  calculated  by  that  rule ;  the  mean  error  of  the  whole  is 
+  5  per  cent.  only. 

''  Unequal  SedionaJ* — When  the  top  and  bottom  flanges  are 
unequal,  as  in  Fig.  80,  the  most  correct  method  of  calculation 
will  be  to  estimate  from  the  bottom  or  the  line  N.  A.,  as  we 
found  to  be  necessary  in  calculating  the  strength  in  (378) :  we 
then  have  the  rule : — 

(673.)       J  =  L'  X  W  X  •  00001565 -r  {  !>•  -  d^  x  B) 

+  (cP-di-]x6)+(ct-xC}. 
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lOB. — Of  [he  Deflection  of  Roi.lk 
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•OWS 
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8.050 
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■3248 
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W 
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<"  ^ 

The  vftlues  of  D,  d,  d^,  B,  i,  and  C,  arc  given  by  Fig.  80,  ftnJ 
the  rest  as  in  (60 1).  Figs.  89,  90  iiro  sections  of  bourns  eiperi- 
mcntcd  upon  by  Mr.  Fairbairii,  tho  (Joflcctiona  being  given  in 
cols.  2,  5  of  Table  109.  Thus  in  Fig.  89,  with  885  lbs.,  the 
Eulo  gives 

S=  irxaa-^x  ■000OT565H-{7^  -  6^]  X  2j) 

+  (C  -  -38']  X  -^25)  +  (  -38'  X  4|  =  -04751  inch 

deflection:  experiment  gavo  -04  iucli,  4c.  Cols.  3,  G  ef 
Table  109  hftve  been  Cftlculated  by  this  nilc,  aoA  show  a  fair 
agreement  with  experiment ;  the  cnlculated  deflections  with 
Fig.  89  show  an  error  of  +  11-!)  per  cent,  and  of  Fig.  90. 
+  2  ■  3  per  cent. :  tho  mean  of  the  whole  being  +  G  ■  4  per  cent 
It  is  roranrkable  that  this  rule  applied  to  sections  with  cqnal 
flanges  does  not  give  eatiafuctory  results :  col.  11  of  Table  73 
has  been  calculated  by  it  and  shows  a  mean  error  of  +  42  per 
cent. ;  while  Eulo  (G69)  gave  -  14,  and  Rule  (670),  +  5  per 
cent.  In  order  to  render  Table  73  directly  available  for 
practical  purposes,  wo  have  given  in  col.  13  tho  cipcriniental 
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deflection  for  each  section  by  1  cwt.  in  the  centre  of  a  beam 
1  foot  between  supports,  and  as  the  deflections  are  simply 
proportional  to  the  cabe  of  the  length  and  the  weight,  we  have 
the  Bole : — 

(674.)  8  =  Td  X  L»  X  W. 

In  which  Td  =  the  Tabular  number  in  col.  13  ;  L  =  length  in 
feet ;  W  =  weight  in  cwts. ;  and  8  =  deflection  in  inches. 
Thus  with  No.  6,  say  L  =  20  feet;  W  =  85  cwt. :  then  we 
obtain  -00000239  x  8000  x  85  =  0*6692  inch  deflection:  ex- 
periment gave  I  inch,  coL  8. 

(676.)  "  Wrought-iron  T  Sections" — This  form  of  section  in 
wrought  iron  should  always  be  loaded  with  the  top  flange 
uppermost  in  the  ordinary  case  of  a  beam  supported  at  both 
ends,  for  reasons  given  in  (377),  we  must  then  calculate  the 
deflections  by  measuring  the  depths  from  the  bottom  or  from 
the  line  N.  A.  in  Fig.  182,  and  we  have  the  Bule : — 

(676.) 

8  =  L»  X  W  X  •00001565  4-{B'-^]  X  b)  +  (cP  x  t}- 

In  which  the  values  of  D,  d,  B,  5,  are  given  by  Fig.  182  and 
the  rest  as  in  (664).  Thus,  Fig.  87  is  the  section  of  a  bar, 
which  with  a  length  of  10  feet,  deflected  ^  inch  with  2  cwt.  in 
the  centre  :  then  the  Bule  gives  8  =  10^  X  224  x  -00001565  -4- 

|2^»  -  2J^  X  2^)  -f.  (2i»  X  f }  =  0-2359   inch  deflection: 

experiment  gave  0-25  inch,  &o.  Table  71  gives  in  col.  11  the 
experimental  deflections  of  a  series  of  T  iron  bars:  coL  12 
has  been  calculated  by  the  Bule. 

When  the  depth  is  equal  to  the  breadth  and  the  thickness  is 
the  same  all  over,  the  rule  becomes 

(677.)      8  =  L»  X  W  X  00001565  -^  (D*  -  d*). 

In  which  the  section  A  is  regarded  as  composed  of  two  bars 
B,  C,  as  in  Fig.  70,  which  is  not  strictly  correct,  as  explained  in 
(837),  a  more  correct  rule  would  be : — 

(678.)       J  =  L»  X  W  X  00001565  -^  {—^^)  • 
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The  effect  of  the  two  rules  may  be  Ghown  if  we  tnko  tho  sectioii 
Fig.  133,  and  calculate  the  deflection  by  both,  for  say  12  cwt.,  or 
ISM  Ibs^  with  B  k-ngth  of  10  feet.  Then  Rule  (677)  beccHuea 
8  =  10'  X  1344  X  -00001565  -^  (3'  -  2J')  =  0-5008  inch 
By    Rule    (678)    wo    obtain   J  =  IC  x  1344  X 

•  00001565 -; 


'-(^^)- 


0-4341  inch  deflection. 


Tabi^  110. — Of  the  Deflection  of  Rolled  WiiODoHT-iBONTBBAm, 

1  foot  long,  with  a  weight  of  1  cwt  in  tho  Centre,  tho  flange  being 
uppermost. 


IVplli 

-nilclra«t.U<..«. 

Fl.^. 

i 

A     1 

J   1   *   1   » 

* 

DcgcGUM)  Id  Iwtei. 

1' 

■000677 

-000288 

-0002247 

3" 

■dOUd,;],-, 

■ .-■-*;■  - -^^7 

5 

I 

■(HHHI^lii  ,-|]llll(llli7:J 

■(KKH)I(m;  :-nmi(KiN:iS 

■OWMMdO.! 

■1)0001404 
■«0000t!S5 

■ooooo;isi 

■oocxVaiw 

■OOIHMKBI 

Tablt!  110  gives  tho  deflection  of  Standard  sizes  of  T  iron 
biiiM  1  foot  long,  with  a  load  of  1  cwt.  iu  the  ccutre,  calculated 
by  tho  Eiilc  : — 

(G79.)  S  =  -  001773  -i-  (D'  -  d'). 

Tho  doflectinn  for  any  load  and  length  may  be  easily  found 
from  Table  1 10  by  the  Rule  (071) :  thus,  a  T  bar  1  x  4  X  i  inch 
thick,  20  feet  hmg,  with  10  cwt.  in  tho  centre,  will  ifofloct 
•00001073  X  8000  x  10  =  l-3t  inch,  &c. 

(680.)  Dffieetion  of  Wrougli-iron  Lattice  Gir/Icrs."— Tho  de- 
flection of  lattice  girders  may  bo  calculated  from  elementary 
principles.  To  do  this  witb  seicuti6c  accuracy  is  a  difBcnlt 
matheiuatical  problem,  but  wc  may  obtain  approsiniately  correct 
results  by  ordinary  reasoning  and  common  arithmetic. 
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In  a  lattice  beam  the  strength  is  almost  entirely  in  the  top 
and  bottom  members,  and  the  deflection  of  the  beam  arises 
from  the  alteration  in  length  which  those  members  safler  by 
their  respective  strains : — in  the  case  of  a  beam  sapported  at 
the  ends  and  loaded  in  the  centre,  the  top  suffers  a  cmshing 
strain  and  becomes  shorter,  while  the  bottom  bears  a  tensile 
strain  and  becomes  longer.  If  we  know  the  respective  strains 
we  may  calculate  the  corresponding  extension  and  compression 
— and  knowing  these  we  can  calculate  the  deflection  of  the 
beam.  Let  A  in  Fig.  188  be  a  beam  deflected  by  a  transverse 
strain  to  the  form  shown : — for  ordinary  cases  in  practice  in 
which  the  deflections  are  very  small  compared  to  the  length  of 
the  beam,  we  may  admit  that  the  difference  in  length  of  the 
top  and  bottom  members  arising  from  the  deflection  is  equal  to 
the  sum  of  B  and  C,  and  knowing  one,  say  C,  we  may  calculate 
G,  F,  which  is  greater  than  C  in  the  ratio  of  D,  G  to  D,  B,  or  in 
other  words  the  ratio  of  half  the  length  of  the  beam  to  its 
depth,  D,  F  being  perpendicular  to  D,  E  and  a  tangent  to  the 
curve  D,  H  at  the  point  D.  Having  thus  found  G,  F,  we  may 
easily  calculate  G,  H,  or  the  deflection  required,  for  the  curve  of 
the  beam  approximates  to  a  parabola,  and  it  is  a  principle  that 
the  height  of  a  parabola  J,  E  in  Fig.  189,  is  always  half  the 
distance  J,  L,  L  being  the  point  in  the  axis  where  a  tangent  to 
the  base  of  the  parabola  at  M,  cuts  the  axis.  Betuming  to 
Fig.  188  we  thus  find  that  the  deflection  sought,  G,  H,  is  equal 
to  half  the  distance  G,  F. 

(681.)  The  application  of  all  this  will  be  best  illustrated  by 
a  case  in  practice  worked  out  in  detail.  We  will  take  the  case 
in  (446)  of  a  lattice  girder.  Fig.  155,  82  feet  between  supports, 
loaded  in  the  centre  with  4  tons,  the  section  being  as  shown  by 
Fig.  141,  the  top  is  formed  by  two  angle-irons  4  x  2^  X  ^, 
whose  united  area  =  6  square  inches,  the  rail  R  gives  1*6 
square  inches  more,  making  the  total  area  of  the  top  =  7*6 
square  inches.  The  bottom,  formed  of  two  angle-irons 
2^  X  2j^  X  ^,  has  an  area  of  4  *  5  square  inches. 

(682.)  In  calculating  the  deflection  from  these  data,  we  have 
first  to  find  the  strains  on  the  top  and  bottom  members  of  the 
girder ;  these  are  equal  to  one  another  in  all  cases,  but  are  not 
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uniform  from  waA  tc  uu^  Fig.  ISA  ftbuws  tliat  tlie  stnia  u  > 
maiimnin  at  the  ccutrc  anil  diuiiuiiilii«  lit  niithing  at  tlie  mp- 
p(-rU,  iu  an  aritUmcticul  mtio.  Tho  ran  pf  all  tbo  stniu  n 
tliu  tt^  or  battom  is  I'it)  ton*,  uitl  the  Dumber  of  btys  iMong  1C< 
Wo  obUin  12S  ^16  =  8  tons  u  tbo  maoN  rtnin  fivoB  Md  t> 
vuii  Tlio  Muuo  rcault  ma/  be  «tt«inod  tbtu: — 4  tons  in  lb* 
cvntni  >•  cmjimI  to  2  ton*  an  oKcb  aupjxirt,  llie  haU^letii^  of  Ik* 
b<»m  being  16  foot  and  tbe  itoptli  2  foot,  the  m^irimam  flontal 
strain  is  3  x  16  -i-  3  =  IG  tons,  and  tha  meui  Btrun  from  mI 
to  end  16  -r  'J  =  8  tone,  as  boforo. 

(683.)  Now,  this  etndn  has  in  tbo  case  of  tbo  tnp  to  be  bon* 
by  7-6  aquara  inches,  hcnoe  it  JH  eqoid  tt>8-^7-6  =  1-06M 
[HT  Bqiiarc  inch  compressiTe  etrftin,  and  tliu  loogth  of  tbo  bv 
being  8X4  inches,  and  the  compr«8stan  '0001  per  ton  b;  ttSL\ 
of  Table  98.  w<]  have  0001  x  1 -OS  X  384  =•  04083  incii  w  tba 
rednution  iu  luuKtb  of  the  top  dao  to  the  oomprasBive  stnia. 
ThtJD,  in  tbo  tHtttotn  flange,  1-5  eqaare  JncbM  bew  8  Urns,  or 
8-^4-5  =  1*78  ton  pw  square  inch;  by  oal.  6  nf  llsUo  M  J 
tbo  oxteuaion  is  -00008  vex  ton.  bcnoo  aru  out  -00008  X  l-'S  A 
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Conway  Tube,  400  feet  between  supports,  the  experimental 
deflection  of  which  was  3*05  inches  with  301  tons  near  the 
centre.    The  depth  at  the  centre  of  effort  or  the  centre  of  gravity 
of  the  cells  (449)  was  22^  feet  at  the  middle,  and  20f  feet  at  the 
ends,  the  mean  being  21^  feet.    The  area  at  the  top  was  614, 
and  at  the  bottom  460  square  inches  (taking  a  mean  between 
the  central  and  end  areas).    Then   301  tons  in  the  centre 
=  150*5  tons  on  each  support,  hence  we  have  150*5  X  200 
-T-  21  *  5  =  1400  tons  central  maximum    strain,  or  1400  4-  2 
=  700  tons  mean  strain  from  end  to  end  on  both  top  and 
bottom.     This  is  equal  to  700  -4-  460  =  1  *525  ton  per  square 
inch  tensile,  and  700  -4-  614  =  1  *  14  ton  per  square  inch  com- 
pressive strain.     The  extension  will  then  bo  *  00008  x  1*525 
X  4800  =  *5846   inch,  and  the  compression   *0001  X  1*14 
X  4800  =   -5472  inch.     The  sum  of  the  two  (B  +  C   in 
Fig.  188)  is  •  5846  +  •  5472  =  1-1318  inch,  hence  C  =  1  *  1318  -f. 
2  =  •  5659  inch,  G,  F  =  •  5659  x  200-4-20  •  75 = 5  •  454  inches,  and 
G,  H,  or  the  deflection  sought,  5  •  454  ~  2  =  2  *  727  inches, 
which  is  3*05  —  2*727  =  *323  inch  less  than  by  experiment. 

(685.)  «  Deflection  of  Plate-iron  Girdera:'— The  deflections  of 
plate-iron  beams  may  be  calculated  on  the  same  principles  as 
those  of  lattice  girders.  We  will  take  the  case  of  a  beam  ex- 
perimented upon  by  Mr.  Fairbaim,  and  shown  in  section  by 
Fig.  133,  the  length  between  supports  was  20  feet,  aud  the 
deflection  with  3  tons  in  the  centre  was  0  *  17  inch.  With  3  tons 
in  the  centre  we  have  1  *  5  ton  on  each  support,  and  the  effective 
depth  (449),  or  the  distance  between  the  centres  of  gravity  of 
its  top  and  bottom  members  being  14*5  inches,  the  maximum 
central  strain  becomes  1*5  x  120-7-  14*5  =  12*4  tons,  or 
6 '  2  tons  mean  strain  from  end  to  end.  The  area  of  the  top  was 
4*55  square  inches,  hence  we  have  6*2-7-4*55  =  1*362  ton 
per  square  inch,  the  compression  due  to  which  is  *  0001  x  1  *  362 
X  240  =  *0327  inch.  The  area  of  the  bottom  flange  being 
2*4  square  inches,  we  get  6*2-7-  2*4  =  2*584  tons  per  square 
inch,  and  the  extension  * 00008  x  2*584  x  240  =  *0496  inch. 
The  sum  of  the  two  is  -0327  +  *0496  =  -0823  inch,  and  the 
deflection  (-0823  x  120) -r- (14*  5  X  4)  =  •  17  inch,  or  precisely 
as  by  experiment. 
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In  order  to  facititato  calculation,  we  niny  pnt  the  preceding  1 
anal^cal  method  into  tho  form  of  a  Biile,  wbicli  becomes  :— 

,       ,     -       W  X  f  X  -000001563       W  X  P  X  -00000126 
(68G.)    «  = ^-^^ +  ^^^ 

In.  wMch  A  =  giosB  area  of  tlie  top  in  square  incbefi. 
B  =     „     area  of  tho  bottom  in       „ 
/  =  lengtb  of  tbe  beaju  between  supports  in  inobee. 
d  =  effective  d<iptb  (between  centres  of  gnvitj)  ia. 
inches. 
W  =  Weight  in  centre  in  tons, 
S  =  Deflection  in  inches. 

Thus,  taking  the  case  of  tbe  girder  in  the  last  example,  Wfl 

3  X  240°  X  -000001663       3j<  240"  x  -00000125 
11-5' X  4-55  "^  14-5"  X  4-55 

=  - 17  inch,  as  before. 

(G87,)  By  this  rule  col.  G  in  Table  70  has  been  calculntfd. 
The  deflection  of  any  of  the  girders  in  that  Table,  with  auj 
weight  Ubs  than  Jnl  of  tbe  breaking  weight,  may  be  found  bj 
Eule  (074),  namely,  by  multiplying  col.  G  or  7  by  the  cube  uf 
the  lengtli  in  foot  between  supports,  and  by  tlie  given  weight  iu 
U>Qs.  Thus,  for  Fig.  105,  say  20  feet  loDg,  with  20  tons  eiiroad 
all  over,  will  deflect  -0000011)31  x  8000  X  20  =  -3011  inch. 
With  tbe  same  weight  in  the  centre  the  deflection  would  be 
•OUUOUSOy  X  BOOO  X  20  =  ■4944  inch,  &c.  It  should  be 
olweived  that  this  rulo  supposes  the  girder  to  be  of  unifunii 
sectional  area  anil  depth  from  end  to  end,  and  any  departure 
from  those  conditions  must  be  allowed  fur. 

(088.)  Wo  have  so  far  assumed  that  beams  are  ptrfectly 
elastic,  that  ie  to  Hay  that  the  difleetiou  is  simply  and  exactly 
proportional  to  the  weights  But  if  the  suecessive  difleetions 
of  a  bar,  say  of  east  iron,  with  equal  increments  of  weight,  be 
very  carefully  observed,  it  will  be  found  that  every  s 
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weight  produces  a  greater  deflection  than  the  one  preceding, 
and  that  the  departures  from  uniformity  increase  nearly  as  the 
squares  of  the  weight  applied.  This  is  shown  clearly  by 
Table  111,  where  ^e  load  is  divided  into  20  parts,  and  the 
Ratio  of  the  deflections  of  Cast-iron  beams  is  given  by  col.  2, 
while  those  of  Timber  are  given  in  col.  6.  These  Batios  were 
obtained  by  a  Diagram  (Fig.  216),  in  which  the  experimental 
deflections  were  plotted,  and  the  irregularities  equalized  by  a 
curve.  In  cols.  3  and  7  the  deflections  are  assumed  as  sup- 
posed to  be  due  with  perfect  elasticity,  and  in  cols.  4  and  8  the 
defect  of  elasticity  is  given  on  the  hypothesis  that  it  varies  as 
W^.  We  have  thus  obtained  cols.  5  and  9,  comparing  which 
with  cols^  2  and  6  they  will  be  found  to  agree  very  well  up  to 
about  half  the  breaking  load,  beyond  which  they  become 
irregular.  This,  however,  is  unimportant,  as  in  practice  beams 
of  Cast  iron  are  seldom  loaded  above  ^  and  Timber  ones  \  or 
^th  of  the  breaking  weight. 

The  effect  of  defect  of  elasticity  is  shown  by  Table  108  also ; 
with  perfect  elasticity  the  deflections  would  have  been  simply 
proportional  to  the  load,  as  in  col.  7,  but  col.  4  shows  that  they 
increase  more  rapidly  than  the  weights  throughout.  But,  with 
loads  not  exceeding  ^rd  of  the  breaking  weight,  the  departures 
frt>m  uniformity  are  not  great,  and  within  that  limit,  the 
ordinary  rules  are  correct  enough  for  practical  purposes; 
where,  however,  great  exactness  is  necessary,  they  require  cor- 
rection. For  a  bar  1  inch  square  and  1  foot  long  we  have  the 
Eule: — 

(689.)   a  =  (-00002397  x  W)  +  (-000000006827  x  W^). 

In  which  W  =  the  weight  in  centre  in  lbs.,  and  i  =  deflection 
in  inches. 

Thus,  the  mean  strength  of  British  Cast  iron  by  coL  7  of 
Table  64  is  2063  lbs.  breaking  weight,  and  by  coL  8  the  mean 
deflection  =  •  0785  inch.  With  ^  of  that  weight,  or  687  •  6  lbs., 
the  deflection  by  col.  11  =  -01971  inch. 

By  rule  (689)  we  get  with  2063  lbs.,  $  =  (00002397  x  2063) 
+  (-000000006827  x  2063«)  =  -0785  inch,  and  with  687 -6  lbs., 
9  =  (-00002397  x  687-6)  +  (-000000006827  x  687 -6«)  = 
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■01971  inch,  or  precisely  the  samo  as  tlio  eipcrimentftl  rcBalts. 
TLus,  while  the  loads  arc  in  the  rntio  1  to  3,  the  dcflcctiuiis  are 
iD  tho  ratio  1  to  ■0785  -^  ■01971  =  3-983,  or  nearly  1  to  4. 

With  auy  other  dimonsioDB  for  rectangular  bars  wo  have  the 
Rule;— 

(690.) 

/■W+jxL'x-00002397\  j_  /  (W-i-iV^L'x  ■000000(KI6827\ 


=  /W^ 


>')  +  (<■ 


In  which  L  =  length  between  supports,  in  feet ;  d  =  depth  in 
inches ;  h  =  breadth  in  inches ;  and  z  =  tho  constant  for  the 
thicknoBS  of  motal,  as  in  (934)  and  col.  7  of  Table  18. 
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By  this  rule  col.  5  of  Table  108  has  been  calculated.  Taking 
the  weight  W  in  tons,  and  the  rest  as  before,  the  Bole  be- 
comes : — 

(691.) 
J  ^  /W-4-zxL*  X    05369  \  .   /(W-4-0«x  L«  x  -03426  \ 
V  (Pxb  /■*'V  d*x6»  /• 

(692.)  ^^ Wrought  Iron" — The  elasticity  of  wronght  iron  is 
very  mnch  more  perfect  than  that  of  cast  iron,  as  we  found  by 
its  behaviour  under  tensile  (620)  and  compressive  strains  (626). 
Table  106  shows  the  same  resalt  under  transverse  strains,  the 
deflection  in  cols.  2,  2,  2,  2  being  nearly  in  the  simple  ratio  of 
the  weights  up  to  the  **  limit  of  Elasticity,"  or  half  the  breaking- 
down  load  (see  Table  67).  We  may  therefore  admit  that  cer- 
tainly within  that  limit  the  deflections  are  given  accurately  by 
the  Bules. 

Table  112.— Of  the  Deflection,  &c.,  of  Two  Beams  of  American 
Red  I^nb,  12  iDobes  square,  15  feet  long. 


Deflection. 

Modolos  of 

Rliuvtidty: 

Lbs.  Ed. 

Central 
Weight. 

Deflection. 

ModnluB  of 

Elasticity: 

LtM.Ei>. 

Central 
Weight. 

By 
Experi- 
ment. 

By 

Calcu- 
lation. 

By 
Experi- 
ment. 

By 
Oalcu- 
UUon. 

lbs. 

8,653 

5,815 

8,374 

10,213 

17,472 

22,483 
24,394 
26,527 
28,370 
30,610 

31,651 
32,800 
33,000 
33,186* 

•15 
•25 
•40 
•50 
•90 

1-20 
1-37 
1-50 
1-70 
2-20 

2-70 
3-30 
3-45 
4-00 

(2) 

•1582 
•2518 
•3627 
•4419 
•7567 

•9737 
1057 
1149 
1-229 
1-326 

1-371 
1-421 
1-430 
1-437 

(3) 

1,712,350 
1,615,480 
1,472,000 
1,434,800 
1,365,000 

1,317,370 
1,252,000 
1,243,470 
1,173,400 
978,300 

821,620 
698,868 
672,558 
583,350 

(♦) 

Ito. 

5,436 

8,428 

9,604 

17,785 

22,848 

24,080 

26,600 

28,058 

28,812t 

29,646» 

(5; 

•25 

•50 

•57 

MO 

152 

1-67 
2-00 
2-25 
2-50 
2-97 

(6) 

•2354 
•3650 
•4160 
•7703 
•9896 

1-043 
1-152 
1-215 
1-248 
1-284 

(») 

1,528,880 
1,185,200 
1,184,710 
1,136,830 
1,056,910 

1,013,740 
935,100 
876,700 
810,340 
701,700 

(8) 

••  BreaWr 
t  Gradu^ 

ig  Weigh 
UySinkix 

ta. 
UK. 

0) 

"O* 

But  with  strains  beyond  that  limit  defect  of  elasticity  mani- 
fests itself  yery  clearly,  as  shown  by  ooL  4  of  Table  70.    Thus, 
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taking  Mt  =  2000  lbs.  from  col.  5  of  Table  G6,  Eole  (324)  giTW 
W  =  IJ*  X  IJ  X  2000  -^  (3  X  112)  =  20  cw-t.  as  the  "  limit  »rf 
Elasticity,"  up  to  wliicb  point,  by  coL  4  of  Table  70,  the  do- 
floctioQB  arc  ueaily  Be  calculated  for  perfect  Elasticity;  bnt 
with  heavier  atraias  the  Ratio  progroaaively  rises,  beocKiuiig 
finally  as  much  as  13-13  with  the  brenking-down  load. 

"  Sliiel."~The  tranavoree  elasticity  of  Steel  is  more  perfect 
than  even  that  of  wrought  iron,  as  shown  by  Table  107,  the 
deflections  being  simply  proportional  to  the  load,  and  there- 
fore the  Modulus  of  Elasticity  oonstant  up  to  the  "  limit  of 
Elasticity,"  or  f[thB  of  the  Breaking-down  load. 

"  TtnAer." — Timber  beams  have  very  imperfect  olosticitiee, 
ss  shown  by  cole.  4,  8,  in  Tabic  112,  the  value  of  the  Modulus 
of  Elasticity  falling  off  regularly  as  the  load  is  increa««d.  The 
constants  for  the  deflection  of  Timber  in  col.  4  of  Table  105 
were  for  the  most  port  obtained  with  ^rd  to  ^th  of  the  breaking 
Weights,  and  the  Rules  (658),  &c.,  will  bo  correct  enough  for 
practice  within  those  limits. 

DEFLECTIOS    WITH    SAFE    LOAD. 

(tJ'J3.)  It  is  usual  in  practice  to  make  the  Working  or  Safe 
load  on  beams  a  ccrt:tin  Stauditrd  fraction  of  the  breaking  woigbt 
by  the  use  of  a  "  Factor  of  Safety  "  (880) :  in  that  case,  the 
oi-dinary  Eiilcs  (0.58),  Ac,  admit  of  certain  modifications  by 
which  calculations  of  the  dcflcctiou  may  be  simplified  very  con- 
siderably. 

By  Rule  (G59)  it  is  shown  that  the  deflection  of  a  rectangular 

beam  of  any  material  is  proportional  to  -  ;  now  if  with 

the  same  beam  we  take  lengths  in  tlic  ratio  1, 2, 3,  &c.,  obviously 
the  transverse  strengths,  or  the  load  W,  would  vary  in  inverse 
ratio  to  those  lengths,  becoming  1,  J,  ^,  &Q..  and  with  tboM 
Heights  the  deflectious  (being  =  to  W  x  L^)  become  1x1' 
=  1-0;  A  X  2'  =r  4  ;  i  X  o'  =  9,  &c.,  which  are  in  tbo  direct 
ratio  of  the  aqiia^e  of  the  lengths. 

Then,  with  depths  d  in  tbo  ratio  1,  2,  3,  &c.,  W  would  be  in 
the  ratio  of  the  square  of  d,  and  bccomo  1',  2*,  3-,  or  1,  4,  9  ; 
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W  1 

the  deflections  being   proportional  to  — ,  become  —j-  =1*0; 

4  9 

—  =  ^ ;    —  =  J,  &c. ;  or  inversely  as  the  depths  simply. 

iS  o 

Then  for  breadths  in  the  ratio  1,  2,  3,  &c.,  W  would  yary  in 

the  ratio  1,  2,  3  also,  and  the  deflections  being  proportional  to 

W  12  3 

-r-  become  -=  1*0;  ^=  1*0;  -  =  1*0;  being  the  same  in  all 

O  1  iS  o     . 

cases,  showing  that  the  deflection  foith  safe  load  is  independent 
of  the  breadth. 

(694.)  From  all  this  we  get  the  general  law  that  with  similar 
beams,  all  loaded  in  proportion  to  their  airengthj  the  deflections 
are  proportional  to  the  square  of  the  length,  divided  by  the 
depth,  and  are  independent  of  the  breadth.  This  is  trae  for  all 
sections,  whether  circular,  square,  girder-sections,  &c.,  so  long  as 
the  beams  compared  are  similar  and  are  loaded  to  the  same  extent 
in  proportion  to  their  strength.     We  then  haye  the  Bules : — 

(695.)  ^  =  L»  X  C  4-  d. 

d  =  L«  X  C  ^  a. 

L  =  VJ  X  d-T-C. 

In  which  L  =  length  of  beam  between  supports  in  feet :  d  = 
the  depth  in  inches :  $  =  deflection  in  inches :  and  C  =  a 
constant  for  the  material,  mode  of  fixing,  loading,  &o. 

These  Bules  may  be  applied  correctly  to  beams  or  girders  of 
all  sections,  whether  parallel  from  end  to  end,  or  with  bellied 
flanges,  also  with  any  mode  of  fixing,  any  method  of  distributing 
the  load,  and  any  material,  so  long  only  as  the  Constant  0  is 
adapted  to  aU  the  circumstances  of  the  case.  The  efiect  of 
4efect  of  Elasticity  (688)  is  also  covered  by  these  rules,  because 
the  value  of  C  is  supposed  to  have  been  found  by  experiment 
from  beams  loaded  to  a  certain  degree  in  proportion  to  their 
ultimate  strength,  and  will  therefore  apply  without  correction 
to  all  beams  similarly  loaded,  &c,  &c. 

(696.)  The  most  useful  values  of  C  are  Cs  for  the  Safe  Load, 
and  Cb  for  the  Breaking  Weight,  giving  $s  and  ^b  or  the  deflec- 
tions with  Safe  and  Breaking  loads  respectively.  Table  64 
gives  these  values  for  54  varieties  of  British  Oast  iron,  the  mean 
for  C.  being  -01971,  or  say  -02,  by  col.  11 ;  and  for  Cb  =  •0785 
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by  col.  8,  Table  C7  givea,  in  cols.  2  imd  4,  the  values  of  Cj  and 
Cb  for  niany  materials,  theec  beiug  in  fiuit  tho  doflections  of  ■ 
bar  1  inch  Bt^uiu-e  and  1  foot  long  with  tba  Safe  and  Breaking 
LoadETeepectiTolf :  in  that  particular  caae,C,  and  0^  are  identical 
with  J,  and  Jr. 

It  will  bu  observed  that  the  values  of  Ce  and  Cb  for  the  two 
Standard  cases,  are  not  simply  pro{)ortional  to  tb<i  toad,  or 
"  Factor  of  Safety."  In  Table  67,  col.  7  givea  the  Factor  of 
Safety,  and  col.  8  the  ratios  of  the  defioctiona  with  Safe  anil 
Breaking  loads  respectively:  thus  with  Cast  iron  the  ratio  of 
the  losda  ia  3  to  1  by  uol.  7,  bat  the  ratio  of  the  corresponding 
defleotions  is  4  to  1  by  col.  8 :  again  with  Ash,  tba  ratio  of  the 
Loads  =  S  to  1,  but  the  ratio  of  the  doflootions  =  10-7  to  1-0. 

Thus,  a  beam  of  Ash,  say  15  feet  long,  7  inches  deep,  3  inches 
wide,  would  give  for  the  breaking  weight  by  Rule  (324),  the 
Value  of  Ml  for  safe  loud  being  136  Iba.  by  col.  3  of  Table  67, 
W  =  7'  X  3  X  188  -f-  16  =  1833  lbs.,  the  deflection  with  which 
liy  rule  (dS'J}  la  o  =  7j       q      — ~"  ~  ^'^^  ""^"  "'^ 

flection  with  safe  load.  Now  applying  Rule  (CDS)  and  taking 
C,fromco]..lofTab!eG7at -0354,  we  obtain  fla  =  15^  X  -0351 
-^  7  =  1  ■  13  iuch  deflection,  as  before :  but  with  the  breaking 
weight  St.  =  15-  X  -375  -f-  7  =  12  inches  defleetion,  &c. 

Again,  with  a  bar  of  Cast  iron  3  inchoR  deep,  4  inthea  wide, 

and   11  feet  long,  taking  Mt  for  safe  load  =  GS3  lbs.  from 

col.    10   of  Table   C4,    lEule  (324)  gives   W  =  3'  x  4  x  688 

-H  II  =  22.-.1  lbs.    S:ifc    load,   with    which  Rule  (659)  gives 

,       IP  x  2251   X  -00002886         o   -     .     j  a     ,-  ,,      t,  i 

S  = ^ =  -8  lueh  deflection.     By  Ruk 

(035)  wo  obtain  much  more  easily  Bj,  =  11'  x  -02 -^  3  = 
■8  inch  also.  Wo  have  here  taken  tlie  deflection  per  lb.  = 
-00002H8IJ  from  col.  0  of  Table  64,  or  col.  4  of  Table  105. 
The  deflection  of  the  same  bar  with  the  Breaking  weight 
becomea  8,,  =  IP  x  "0785-^3  =  3-17  inches. 

But  these  Rules  need  not  bo  restricted  to  Sa  and  H^,  but  will 
apply  ciiuttlly  well  to  any  standard  fraction  of  the  broaking 
weight,  so  long  as  the  great  prineiplo  is  mainlained,  that  the 
bcama  compared  ahull  bo  loatled  always  in  aonic  given  and 
cenatuut  proportion  to  their  strength.     Thus  for  Wrought  iron 
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and  Steel,  we  found  (874)  (876)  it  eonvenient  to  take  the 
<<  limit  of  Elasticity  "  and  the  ""  Working  Safe  Load  "  as  data : 
then  putting  d^  and  dg  for  the  deflections  with  those  strains,  we 
have  for  Wrought  iron,  the  Bules : — 


(697.) 


8k=  L«  X  •086-T-d. 
«8  =  L«  X  -0235 -rd. 


For  Steel  these  Boles  become : — 

(698.)  8,=  L«  x-0802-T-<l. 

88  =  L'x-0481-j-d. 

Thus,  with  a  wrought-iron  bar  2  inches  deep,  4  inches  wide, 
and  12  feet  long,  taking  from  col.  5  of  Table  66,  Mt  =  1500  lbs. 
for  the  safe  working  load,  we  have  by  Bule  (824)  W  =  2'  x  4  X 
1500  ~  12  =  2000  lbs.,  with  which  the  deflection  by  Bule  (659) 
beoomeBJ  =  l-?l2<-20^2^00001565^1.g9j^^     By  Bule 

2'  X  4  ^ 

(697)  we  have  $,  =  12'  x  -0286  -4-  2  =  1-69  inch  also. 

Again:  with  a  Steel  bar  1^  inch  deep,  5  inches  wide,  and 
10  feet  long,  the  load  by  which  the  bar  will  be  strained  to  the 
"limit  of  elasticity  "  wiU  be  W  =  1^'  X  5  X  5600 -7- 10  = 
6800  lbs.,  with  which  the  deflection  by  Bule  (659)  becomes 
^^WX  6300  X' 00001433  ^  ^.3^  ^^^    By  Buk  (698) 

we  obtain  ^^  =  lO'  x  '0802  -7- 1*5  =  5*85  inches  also. 

(699.)  When  the  load  is  not  in  the  centre,  and  when  the 
beam  is  not  supported  at  both  ends  as  is  assumed  in  the  ordinary 
rules,  the  case  is  complicated,  but  by  combining  the  data  given 
in  (481)  and  (667)  the  matter  may  be  simplified. 


Supported  at  ends,  load  in  the  centre . . 
„  „    equally  distriO 

tributed        / 

Built  into  walls,  &o,,  at  both  ends,  load) 

in  the  centre       / 

Built  into  walla,  &c.,  at  both  ends,  load) 

distributed / 

fixed  at  one  end,  loaded  at  the  other . . 
„  „        load   equally  distri-\ 

buted / 


Conitant 
Load. 


1-0 
10 

10 

1-0 
10 
1-0 


Ratio 
of  Defleo- 

tlOQ. 


1-0 
f 

I 

A 

32 
12 


Ratio 

ofSafb 

Load. 


Ratio 
of  Deflec- 
tion. 


1-0 
2-0 

1-5 

3-0 

0-25 

0*5 


10 
1-25 

10 

1-25 

8-0 

60 
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Thns,  for  eiainple,  if  the  beam  of  aeb  in  (696)  had  been  boilt 
into  walla  at  buth  ends,  the  safo  contral  loud  would  havo  been 
1-50,  or  50  per  cent  greater,  but  tlo  doflottion  with  that  in- 
croaaed  load  would  have  been  1  ■  0,  or  preciedly  as  before. 

Again  :  if  the  bur  of  cast  iron  in  (696)  had  been  fixed  at  one 
end,  and  the  safe  load  had  been  equally  distributed,  that  lead 
would  be  0'  5,  or  half  only  of  its  fonner  amount,  but  the  defies 
tion  with  that  reduced  load  would  be  fi  times  greater  than 
before,  and  hecomea  '8  X  6  =  4'8  inches,  &o. 

(700.)  Again :  say  wa  require  an  Oak  Brossnmmer  to  cany 
the  front  of  a  house,  the  estimated  distributed  load  being 
19  tons  and  the  span  12  feet,  the  ends  being  built  into  the  walla 
in  the  usual  way.  Say  we  try  12  inches  square,  then  by  ool.  3 
of  Table  G7,  Mt  =  102  Iba.  for  Safe  load  :  then  Eule  (324) 
becomoa  W  =  12"  x  12  X  102  -i-  12  =  1-1688  lbs.,  or  6'5fi 
tons  for  the  ordinary  oaso  of  a  beam  merely  supported  at  enda 
imd  loaded  in  the  centre;  but  by  (431)  in  onr  case,  6'66  X  S  1 
=  Ifl-OS  tons  safe  distributed  load,  or  very  nearly  the  actual 
load. 

Then,  for  the  deflection,  Knlc  (G95)  gives  5  =  12'  x  -04-^ 
12  =  0'48  inehes  for  the  deflection  with  safe  load  in  centre, 
whieh  by  (699)  becomes  ■48xl'25  =  0-fi  ineh  deflection, 
nheu  the  load  is  diiitrihutcrl  and  the  ends  built  in.  as  in  our  case. 
Wo  have  taken  the  value  of  C^  =  '  0-1  from  eol.  4  of  Table  67. 

(701.)  Although,  as  stated  in  (095).  the  valno  of  C^  should 
strictly  be  adapted  to  the  fpccial  section  of  tlie  beam,  we  may 
with  moderate  accuracy  apply  the  vahio  for  simple  rectangular 
beams  to  ordinary  girders,  at  least  where  the  beam  ia  parallel. 
But  when  tlio  flanges  are  bellied,  as  m  Fig.  181,  the  deflections 
are  about  40  per  cent,  greater  than  with  parallel  beams,  as 
shown  by  Mr.  Hodghinson's  esperiments.  For  ordinary  parallel 
girders  of  east  iron  leaded  to  J  of  the  Breaking  Weight,  we 
have  the  Rule: — 

(702.)  S,=  L'X  ■02-^d. 

For  cast-iron  girders  reduced  in  section  progressively  towards 
the  ends,  or  having  bellied  flanges,  as  in  Fig.   131,  the  Eule 
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(703.)  §8  =  LX  -027  4- d. 

Thus,  for  the  large  girders  in  Table  68  and  Fig.  79,  the 
length  being  16  feet  and  the  depth  14  inches,  with  bellied 
flanges,  we  obtain  §8  =  16*  X  '027  -r-  14  =  0-4937  inch,  the 
deflection  with  central  safe  load.  The  mean  breaking  weight 
was  38-3  tons,  or  88-3  -4-  3  =  12-8  tons  Safe  load,  the  nearest 
load  to  which  in  Table  68  is  14  tons,  with  which  the  mean 
deflection  =  -0525  inch;  therefore  -0525  x  12-8  -^  14  = 
0*48  inch  with  safe  load  of  12*8  tons,  &c.,  or  nearly  as  calcu- 
lated by  the  Bule. 


CHAPTER  XVn. 

ON  TOBSIONAL  BLASTIOITT. 


(704.)  ^^  Methods  of  Eatimating." — There  are  two  ways  of 
measuring  torsional  elasticity.  1st,  by  the  angle  of  torsion  or 
the  number  of  degrees  of  twist,  that  is  to  say,  if  the  whole 
circle  =  360°,  the  amount  of  torsion  would  be  expressed  by 
the  number  of  degrees  of  that  circle  produced  in  a  \ong  bar  by 
a  torsional  strain.  The  other  and  more  conyenient  method  is 
to  express  the  torsional  elasticity  by  the  descent  of  the  end  of 
the  lever  by  which  the  twisting  weight  is  applied  ;  this  method 
is  applicable  to  ttiose  cases  only  where  the  angle  of  torsion  is 
small,  but  as  this  is  always  the  fact  in  practice,  this  is  no 
objection. 

(705).  It  is  necessary  to  observe  that  in  this  method  of 
estimating  torsional  elasticity,  the  descent  of  the  straining 
weight  is  proportional  to  the  square  of  the  length  of  the  lever ; 
thus  in  Fig.  173,  we  have  a  constant  weight  =  1,  acting  with 
leverages  in  the  ratio  1,  2,  3,  it  will  therefore  strain  the  bar  D 
in  those  same  ratios,  and  the  descent  of  the  lever  measured  at  E 
will  be  1,  2,  3  also,  but  measured  at  the  points  of  application  of 
the  weight,  as  in  our  case,  we  obtain  1,  4,  9  for  tiie  ratios  of 
the  descent  of  the  weight  as  in  the  figure,  or  in  the  ratios  of  the 
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square  of  tlie  longtii  of  lever  for  1',  2',  S",  =  1.  i,   and 
reepectivcly. 

"  Xaioa  of  Tomional  Elaiiticllij."—The  fandamentftl  laws 
determined  by  tnatbematiciaiiB  loay  lie  eipresBed  by  the  Bulee : 

9 
as 

For  CuMular  Soctions  :— 

(706.)                    T_3.j^^5^jj,  ^^^. 

M 

._._  ^                  .  .         W  X  L'  X  ^  X  2                               J 
(707.)                M,-3.^4jg^jj.^T-               ^J 

1 

For  Sqnare  Sections,                                                  ^^^H 

■ 

„       L=XIXWX6                   ^H 

1 

^  -         8*  X  M,                       ^^1 

(700.)                M.^^-''^;^-^-                ■ 

1 

For  Rtctangulur  Sections, 
(710.) 

(711.) 


(P  X  1/  X  M, 


.  W  X  L'  X  3  X  (-P  + 1°)  X  f 
rf'  X  t'  X  T 


In  which  R  =  railins  of  circular  eections  in  inches :  S  = 
tiido  of  sijuaro;  d  itnil  b  =  depth  and  hreadth  of  rectangular 
KcctioiiH :  L  =  IcveragL  in  iiiclica  by  which  the  weight  W  in 
poundw  aetfl  in  tnisting  tht  liar  t  =  the  kngth  of  bar  twisted 
in  inches:  M,  =  Blultiplicr  for  torsional  ilasticity  derived 
from  cKporimcnt  and  T  =  tht,  elastic 
descent  of  the  weight  lu  inches 
By  Mr.  Bevan'o  csperimcnts, 


iron  =  5,709,i;00  lbs 


night  1. 


QLabured  by  the 

nunn  value  of  M,  fur  caet 
n  and  st(,(.l  wi,re  liLarly  equal 


to  each  other ;  a  niuin  from  eight  experiments  on  wrought  l 
and  three  on  steel  gaie  M,  =  10,074,510  lbs. 

To  determine  the  value  of  M,,  say  we  find  by  espLrituint 
with  a  4-inch  round  bar  of   cabt  iron  CO  inches  long,   with 
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W  =  5000  lbs ,  and  L  =  24  inches,  that  T,  or  the  descent  of 
the  weight  =  1-206  inch,  then  by  Rule  (707), 


M,= 


5000  X  242  X  60  X  2       5000  x  576  x60  x  2 


or 


3-1416  X  2*  X  1-206  "*  3-1416  x  16  X  1-206 


=  5.701,000,  the  value  of  M^  in  that  case. 

(712.)  "  Batio  of  Stiffness  of  Bouiid  and  Square  Bars.** — Com- 
paring rules  (707)  and  (709)  we  can  find  a  general  ratio  for 
the  torsional  sti&ess  of  round  and  square  bars :  thus,  for 
4  inches  diameter,  R  =    2,  and   by   Rule  (707)   we  obtain 

2 
3  aire — ^^  -03979.      For  a  4.inch  square  bar,  Rule  (709) 

gives  --  or  ^— -  =  -02344;  hence  we  have  -03979  -7-  -02344 
4*         256 

=  1  -  7  to  1  -  0  =  the  ratio  of  the  stififhess  of  square  and  round 


Table 

113.— 

Of  Torsional  Elasticitt. 

Material. 

Value  of  Ct. 

MaieriaL 

Valno  of  Cr. 

Lbs. 

Cwta. 

Lbs. 

^  Cwts. 

Wrought  Iron    and\ 
Steel / 

606 

5-41 

Hornbeam    . .     . . 

9-00 

•081 

Lancewood  . . 

8^60 

•077 

Cast  Iron        . .     . . 

324 

2-90 

Larch 

0-46 

•058 

Alder       

5-53 

•049 

Lime-tree 

6-23 

•056 

Ash 

6-91 

•062 

Oak,  English 

681 

•061 

Apple-tree 

6-95 

•062 

Oak,  Dantzic 

5-62 

•050 

Beech      

7-23 

•065 

Pear-tree 

6^18 

•055 

Birch       

5-88 

•052 

Pine,  Memel 

511 

•046 

Boxwood 

10  00 

•090 

Pine,  American    . . 

5^02 

•045 

Brazil-wood    . .     . . 

12-50 

•112 

Plane-tree    . . 

6^00 

•054 

Chestnut  (Horse)  . . 

7-56 

•067 

Sycamore      . .     . . 

7-80 

•070 

Deal 

3-82 

•034 

Teak      

930 

-083 

Elm 

4-60 

•041 

Walnut 

6-72 

•060 

Fir,  Scotch     . .     . . 

4-68 

•042 

bars.  It  is  shown  in  (552)  that  the  ratio  of  torsional  strength 
of  square  and  round  bars  is  theoretically  1*2  to  1-0;  but  by 
experiment  1  -  6  to  1  -  0. 

'^Practical  Bules,'* — The  theoretical  Bules  may  be  put  in 

2  0 
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more  couTenicnt  form  for  practical  use  od  tLc  large  Bcale ;  thej 
then  become : — 

(713.)  For  Circular  sections: — 

'X  /x  W 


T  = 

D'  X  Ct 

(714.)  For  Square  sections:— 

T  -    ^'  X  ^  '<  ^ 
S'xCiXl-7' 

(715.)  For  KfictaDgiilar  sections  : — 

<:  IXJ'P  +  i^xV 


i 


In  ^<'llicll  D  =  diameter  in  circuliLr  sisctions  in  inches :  S  =  side 
of  square  in  inches  ;  d  and  h  =  depth  and  breadth  of  reotangnlar 
BQotione  in  inobeiS:  {  =  length  of  bar  twisted  in  feet:  L  = 
levorage  in  feet  nitb  which  the  weight  W,  in  lbs.  or  cwts.,  &c.. 

acts  in  twiHtiug  Iho  bar:  T  =  the  descent  of  tho  wt-ight  in 
inches,  due  Ui  tho  tivietiug  of  tlio  bar;  and  C,-  =  a  Conetont 
from  ex|iei'iitieiit,  tlic  value  of  which  is  given  by  Table  113  as 
reduced  from  tlic  results  obtained  by  Mr.  Bevan. 

To  find  tho  value  of  C^  from  cspcriment,  the  Rules 
become : — 

(710.)  For  Cireuliir  sections:— 

^  ~      D'  X  T 

(717.)  For  Square  sections ; — 


(718.)  For  Rcctaugular  sections  ; — 

_  l.^xlx(d'  +  b')x'W 
"■       ■    >fxh'  xT  X  3'4 
(711).)  We  may  now  givo  some  illustrations  of  tbo  application 
of  the  Rules:  say  ive  take  tho  bar  considered  before  (711),  in 
which  D  =  4 ;  /  =  5  fctt ;  L  =  2  feet ;  and  W  =  5000  lbs. 
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Taking  the  value  of  Ct  at  824  from  Table  113,  Bule  (713) 

,  -,      2*  X  5  X  5000       4  X  5  X  6000       .=^.  .    , 

becomes,  T  =       ^.  ^  3^^       or  -^^g-^g^^     =1-206  mob, 

the  descent  of  the  lever  and  weight  due  to  the  twist. 

For  a  square  bar  of  the  same  dimensions,  Bule  (714)  becomes, 

T  =  0.1^  ^o^A^^^?rr  =  -709  inch.    We  should  obtain  the 
266  X  324  X  1-7 

same  result  if  we  applied  to  this  bar  the  rule  for  rectangular 

sections,   for  obviously  a  square  bar  may  be  regarded  as  a 

rectangular    one  with  equal    sides:    then   Bule  (716)  gives 

T  =  '  ></  X  (^«  t'P  X^y  =  .709  inch,  as  before. 
64  X  64  X  324  x  3-4 

Again:  say  we  have  a  Deal  Plank  3  x  11  inches,  12  feet 

long,  twisted  by  2  cwt.,  with  a  lever  3  feet  long.     Then  taking 

Ct  from  Table  113  at  -034,  Bule  (716)  becomes 

^      3^  X  12  X  (11'  +  3')  X  2       .  ..  .    , 

T  =  -T^fi OS        r^oA — ~^~T  -  6'76  inches, 

11'  X  3'  X  '034  X  3'4  ^ 

the  descent  of  the  lever  and  weight. 

(720.)  Table  ll3  shows  that  there  are  very  great  differences 
in  the  Torsional  stifiEhess  of  Materials :  thus  wrought  iron  has 
no  less  than  606  -^  3 '  82  =  168  times  the  stiffiiess  of  Deal. 
This  is  the  more  remarkable  because  by  (671)  and  Table  84, 
the  Torsional  strength  of  say  Tellow  Pine  and  Wrought  iron 
are  in  the  ratio  10680-^328  =  32-26  to  I'O  only.  Again: 
the  Transverse  sti&ess  of  say  Memel  Fir  and  wrought  iron 
are  by  col.  4  of  Table  106,  in  the  ratio  -0002223  -7-  -00001666 
=  13  -  6  to  1  *  0  only ;  whereas,  as  we  have  seen,  the  Torsional 
stiffiiess  is  168  to  1*0.  This  shows  that  wood  is  not  adapted 
for  torsional  strains,  at  least  for  cases  where  stifiEuess  is 
required. 

The  Table  113  shows,  also,  that  the  torsional  stiffiiess  of 
Wrought  iron  and  Steel  are  equal  to  one  another,  although,  as 
shown  in  (671),  the  torsional  strengths  are  in  the  ratio  of  2  to  3. 
The  stiffiiess  of  wrought  and  cast  iron  is  about  2  to  1. 


2  0  2 
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CHAPTEE  XVni. 


ox  tHB  NODTTLUS  Of  ELAETICITV. 


(721.)  "  Getural  Pri«npi<«."— The  Modnliis  of  Elasticity 
tlib  tc-nsile  foroe  that  would  Btictcli  n  bar  to  double  ite  primititB 
length,  tnA  is  usually  exprcsaed  in  {nunds  per  square  inch  <■( 
«rea  of  tLo  bar.  Say  we  had  a  bar  U>  inclies  loog  of  sums  Terr 
clastic  material,  whifli  strotohes  1  iucli  by  20  Ibti,  jxir  miwn 
inch ;  thou  obriouely,  to  etrottib  it  10  invbee,  and  thoreby 
double  the  original  length,  wc  require  200  lbs.  jicr  eqnari)  inch, 
which  is,  therofore,  the  Uodnlns  of  Elastioity  fur  that  matoritl- 
It  is  here  asBumed  that  the  elasticity  is  porfoct,  or  that  thv 
extensions  wonld  bo  tixactly  proportioQal  lo  the  etraiu  throng 
out,  which  wonld  not  be  etrictly  true  with  any  known  loatorinl : — 
moreover,  it  is  aSNumed  that  the  bar  would  bear  etrctchiug  le 
double  its  original  length  without  rupture,  which  is  true  with 
▼ery  few  materials.     The  expresHion  "  Modulus  of  BlosticitT" 
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and  loaded  in  the  centre,  the  weight  generates  a  tensile  ^train 
on  the  lower  fibres  of  the  beam,  which  stretch  and  become  longer 
than  before.  Similarly,  a  compressive  strain  is  generated  at 
the  upper  part  of  the  section,  which  thereby  becomes  shorter  than 
before.  The  combined  effect  of  both  is  that  the  beam  originally 
straight  becomes  carved  or  deflects,  and  we  may  then  find  the 
Modulus  of  Elasticity  by  the  rule : — 

w  X  r 

(724.)  E  =  ^ 


4:Xb  X  d^  X  S 


In  which  E  =  the  Modulus  of  Elasticity  in  poxmds  per  square 

inch. 
h  =  breadth  of  rectangular  bar,  in  inches. 
d  =  depth  „  „     ^     „ 

I  =  length  between  supports,  in  inches. 
3  =  deflection,  in  inches. 
w  =  weijght  in  pounds  producing  that  deflection. 

This  rule  assumes  that  the  material  resists  extension  and 
compression  with  equal  energy,  or  that  the  Modulus  of  Exten- 
sion and  Compression  are  equal,  and  without  the  knowledge 
that  they  are  so,  the  result  may  be  taken  as  giving  a  mean  of 
the  two. 

(725.)  When  we  proceed  to  find  the  Modulus  of  Elasticity 
experimentally,  by  the  extension,  compression,  and  deflection  of 
any  material,  we  find  departures  from  the  simple  laws  which 
we  have  so  far  assumed,  which  complicate  the  question  very 
considerably. 

1st.  The  Modulus,  calculated  from  deflection,  does  not  agree 
exactly  with  those  found  by  direct  extension  or  compression. 
2nd.  So  far  as  observations  on  wrought  and  cast  iron  enable  us 
to  judge,  bodies  yield  more  to  compressive  than  to  equivalent 
tensile  strains,  and  as  a  result  of  this,  the  '*  Modulus  of  Exten- 
sion" is  greater  than  the  "Modulus  of  Compression."  3rd. 
The  elasticity  of  all  bodies  is  more  or  less  imperfect,  as  mani- 
fested by  the  extensions,  compressions,  &c.,  increasing  in  a  more 
rapid  ratio  than  the  strains,  the  result  of  which  is  that  the 
Modulus  is  not  constant,  but  is  progressively  reduced  as  the 
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etTftin  is  increased.  4th.  In  tho  case  of  cast  iron  the  Modulns  if 
considerably  affected  by  tbe  size  or  least  thickness  of  the 
casting,  small  castings  hanng  a  higher  Alodulns  than  large 
ones  from  tho  eume  iron.  We  shall  consider  the  effect  of  theeo 
facts  separately. 

{72IJ.)  "Modulus  of  Exieneion,  Comprettitm,  and  DfjUetitm."- 
Takiiig  first  the  case  of  wrought  iron,  whose  elasticity  when  not 
ovci-strained  is  nearly  perfect,  and  of  which  we  have  the  moKt 
perfect  experimental  kaowledge,  we  find  that  the  Modoloa  of 
Ehu4tici^  calculated 

Ltfl.  prt  Si^r  Id. 

From  tlie  ExlctiBions  up  to  B  tone  par  square  inph  (Table  96)  =  28.000,000 

Coropre6BioHB„  11     „  „  „    (    „     98)  =  22.4«l,000 

„       Dcfloi)tionBQptothe"liniit(ifE!Mticity"(    „  lOe)  =27.S03.0on 

It  will  be  observed  that  the  Modulns  of  Deflection,  which  we 
Bnppoeed  (72'1)  to  be  a  mean  between  those  of  Extension  and 
OnrnpresBios,  aamdy  26,200,000  lbs.,  is  in  this  case  oousidenU)ly 
greater. 

{7i27.)  With  cast  iron,  the  comparison  is  obscured  by  defect 
of  elasticity  (OWS),  but  wo  can  fliminato  t)ie  effect  of  this  sourci! 
of  complication  hy  taking  for  all  the  strains  the  same  fraction  of 
the  breaking  weight,  say  Jrd,  and  wo  then  have  :— 

From  the  ExtciiEinnBvIlh  il  tuns  per  square  inch  (Tal<k'SS)  =  12,iHij.500 

C(iiii|.n>Bsioii8  _  1+    „  „  „    (    „     81!)  =  ll,IS2.iHK) 

„        Defleplion   nf   l-iudi   liir,   with   inl\  f  64^  —  15 '12  3''!) 

break iufi  wti gilt /       "  .-    .■ - 

Hero  the  Modulus  of  Deflection,  so  far  from  being  an  arith- 
metical mean  between  those  of  Extension  anil  Comprest^ion 
(721),  is  ninch  greater  tiiaii  cither. 

(7-iH.)  The  principal  value  of  the  term  "Modulns  of 
Eiitsticity"  is  its  siipjiosed  iiniverBal  api)lication  to  all  tlif 
strains  to  which  materials  arc  subjected,  eo  that  the  extension. 
comiiFcssion,  trausverse  flesure  of  a  beam,  and  angular  ton-iou 
of  a  shaft,  &c.,  should  all  bo  calculated  with  tho  same  constant  by 
tho  iiMO  of  appropriate  fornuilro,  and  we  should  be  able  to  reason 
on  any  ]iarticuhir  strain  with  data  ohfaiucd  from  another  kmd 
of  strain. 
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(729.)  We  have  seen,  howeyer,  that  this  is  only  approximately 
true,  and  thus  this  distinctive  advantage  of  the  term  '*  Modulus 
of  Elasticity  "  is  reduced  considerably,  in  fact,  it  would  be  more 
correct  to  use  the  terms  "  Modulus  of  Extension,"  '*  Modulus  of 
Compression,"  and  '*  Modulus  of  Deflection,"  but  the  multiplica- 
tion of  terms  would  be  objectionable ;  we  shall  therefore  retain 
the  old  general  term  ''Modulus  of  Elasticity,"  distinguishing 
the  method  by  which  it  was  determined,  and  to  which  alone  it 
applies  with  absolute  correctness,  by  characteristic  affixes ;  thus 
Eg,  Eo,  Ed  will  indicate  the  Modulus  of  Elasticity  by  Exten- 
sion, Compression,  and  Deflection  respectively. 

(730.)  The  Modulus  found  by  experiment  for  any  particular 
strain  may  be  applied,  as  we  have  seen,  with  approximate  cor- 
rectness to  other  strains  in  the  absence  of  more  precise  data, 
and  this  is  very  convenient  in  many  cases.  For  instance,  we 
have  absolutely  no  experimental  knowledge  of  the  extension 
and  compression  of  Timber,  but  experiments  on  deflection  are 
very  numerous,  and  E^  derived  from  these  may  be  used  to 
determine  the  extension  and  compression  approximately. 

(731.)  "  Differences  in  Value  of  E^  and  Eq."— Table  91  gives 
a  collective  comparison  of  the  relative  elasticity  of  Cast  and 
Wrought  iron  under  equivalent  tensile  and  compressive  strains, 
and  shows  that  at  least  with  small  strains  those  materials  yield 
more  to  compression  than  to  extension,  and  the  effect  of  this 
on  the  Moduli  E.  and  Eq  is  shown  by  Tables  88, 89 ;  96,  98. 
Thus  for  Wrought  iron  with  1  ton  per  square  inch  Eg  is 
28,000,000  lbs.,  and  Eo  is  22,400,000  lbs. ;  similarly  for  Cast 
iron  Ee  =  13,449,400,  and  Eo  =  12,844,000  lbs.  With  Cast 
iron  the  case  is  affected  by  defect  of  elasticity,  so  that  with 
strains  greater  than  2^  tons  per  inch  Eq  becomes  the  greater  of 
the  two. 

(732.)  "  Effect  of  Defect  of  Elasticity."— The  elasticity  of  all 
bodies  is  more  or  less  imperfect  (688),  and  the  effect  of  this 
fact  on  the  Modulus  of  Elasticity  may  be  illustrated  clearly  by 
the  case  of  Cast  iron,  whose  elasticity  is  very  imperfect  (688). 
Thus  by  col.  10  of  Table  88,  Eg  is  progressively  reduced  from 
18,695,200  lbs.,  with  ^  ton  tensile  strain  per  square  inch,  to 
9,223,500  lbs.  with  7  tons,  which  is  nearly  the  mean  breaking 
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weiglit.  Similarly,  by  ool.  10  of  Table  89,  Ep  is  progreasiTClj 
rodoccd  from  12,844,000  lbs.  with  1  ton,  to  3,862,400  lbs.  with 
42  tons  per  square  incb  cotapFoesiye  Btmiu.  Table  IDS  gives 
the  result  of  the  esperiments  of  Mr.  HudgkiiisuD  on  3  X  IJ 
bars  of  Blaonavon  Iron,  which  were  made  with  Bpe^jial  caie, 
baring  friutiuu  rollers  to  support  the  oaAs,  &o.  The  effect  of 
dofectivo  flttfiticity  is  clearly  shown  by  col.  11,  the  MoJnlns  E,, 
bdiug  regularly  and  progreBsivoly  rednwtd  from  15,216,301)  lbs. 
with  a'flth  of  the  breaking  loud  to  8,353,770  lbs.  with  breakbg 
weight. 

(733.)  This  great  variation  in  the  Moduli  with  tbo  ratio  of 
the  strain  applied  in  proportion  to  the  breaking  weight,  not 
only  complicaleH  the  quoetiou,  bnt  also  renders  it  ncceiisary  to 
distingnish  the  Modulus  between  two  given  etrainB,  fruin  lli»t 
at  a  given  strain.  For  instance,  col,  6  of  Tabk-  88  gives  tjie 
Esteiiston  by  every  eucceseive  bolf-ton  thruugbont : — IlinB 
between  8  and  8^  Iobb,  the  extentdon  bj  that  bfttf-ton  is 
■nnniOGfil  of  the  length,  and  the  monn  Mi>du]uB  Is-twecn  those 
weights,  or  nt  tint  m,an  weight  of  3]  tons,  will  lie  ll-JD-^ 
■onulOliSl  =  10,-1K5,'J00  lbs,  Tlion,  hetnetn  V.  and  4  tons  ih,; 
extension  by  that  jMirticiihir  half-tim  is  •0001111,  nnd  the  mean 
Modiihin  betwuen  tiiose  weigbts,  or  nt  a  mean  weight  of  3jJ  to)is, 
is  1121) -^0001141  =  9,81  G.OOO  lbs. 

Having  thus  found  the  Mmlulus  at  3\  and  3-;  tons,  that 
at  tlie  mean  weight  of  ;1',  tons  may  bo  found,  and  W-onus 
(10,485,900  +  9,810,000)  4-  2  =  lOJSO.S'iO  lbs.,  as  given  in 
col.  11,  hut  between  0  «nd  3J  tons,  the  Modulns  by  eol.  10  i-< 
12,040,900  lbs,  Tlio  meaning  of  this  is,  tbal  between  0  nnd 
3  tons  per  square  incb  a  bar  of  coft  iron  extends  in  a  gradually 
increasing  ratio  to  the  stntiu,  but  nt  such  a  mian  iiitc  thnt  if 
thenceforth  it  wore  ccmtiiiued  uiiifurndy  proportional  to  the 
sti-aiiJ,  12,040,900  Ilis.  per  square  inch  would  stretch  the  lur  to 
double  its  original  Icngtii,  or,  in  other  words,  cnch  pound  woulil 
Dtretch  the  Imu- -,;„./„ s„,-,th  of  the  length.  But  when  already 
loaded  with  II  tons  jier  square  inch,  a  Rmall  further  strain 
would  stretch  the  liar  i  „]  ..Vajgth  of  the  length  |wr  poniid. 
Cols.  10  and  1 1  of  Tabic  88,  and  cols.  10,  1 1  of  Table  89,  have 
been  caleulated  in  this  way. 
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(734.)  The  elasticity  of  wrought  iron  is  practically  perfect 
nearly  up  to  the  ** limit  of  Elasticity"  (692),  and  as  a  result, 
the  Modulus  of  Elasticity  is  constant  within  that  limit.  This 
is  shown  by  Table  96,  where  Eg  by  direct  experiment  in  col.  5 
is  nearly  constant  up  to  9  or  10  tons  per  square  inch  tensile 
strain,  the  small  differences  being  due  to  errors  of  observation 
which  are  unavoidable.  The  mean  value  is  given  by  col.  7  at 
28,000,000  lbs.,  and  as  constant  up  to  8  tons.  Similarly, 
Table  98  gives  Eo  nearly  constant  by  direct  experiment  in 
col.  5,  its  mean  value  being  given  at  22,400,000  lbs.,  and  as 
constant  up  to  11  tons  per  square  inch  by  col.  7.  The  same 
results  are  given  by  Table  106,  where  Ed  is  nearly  constant, 
up  to  the  limit  of  Elasticity,  the  mean  of  the  whole  of  the 
experiments  up  to  that  point  being  27,645,000  lbs.,  agreeing 
nearly  with  the  mean  Modulus  27,603,000  lbs.  derived  from 
general  observations  (726).  Beyond  the  strains  named,  the 
Modulus  falls  off  rapidly  and  irregularly,  and  is  in  fact  a 
question  of  timey  as  may  be  inferred  from  the  Tables,  which 
show  that  with  greater  strains,  the  extensions,  &c.,  go  on 
increasing  even  with  constant  weights. 

(735.)  The  elasticity  of  Steel  is  nearly  perfect  up  to  the 
"  limit  of  Elasticity  "  : — we  have  no  experiments  giving  the 
value  of  Eg  or  Ec,  but  that  of  Ej,  is  given  by  Table  107,  and  is 
nearly  constant  with  strains  less  than  the  '^  limit  of  Elasticity  " 
as  calculated  by  the  rule  cP  x  b  X  5600  ^  L  =  w.  The  mean 
value  of  Ed  for  cast  steel  calculated  from  the  mean  deflection 
in  col.  4  of  Table  105  by  Rule  (724)  is  30,146,600  lbs.  per 
square  inch,  col.  7 : — that  for  shear  steel  being  31,169,000  lbs. ; 
and  it  should  be  observed  that  these  results  were  obtained  from 
the  deflections  of  bars  of  un wrought  and  untempered  steel. 
With  tempered  spring  «teel  we  may  admit  an  elasticity  prac- 
tically perfect,  and  that  the  Modulus  is  constant. 

(736.)  The  elasticity  of  Timber  is  very  imperfect,  and  the 
Modulus  of  Elasticity  very  variable,  as  shown  by  Table  112, 
which  gives  the  value  of  E^  from  two  experiments  by  Mr.  E. 
Clark  on  American  Eed  Pine :  the  Modulus  of  Elasticity  E^  is 
in  col.  4  reduced  progressively  from  1,712,350  lbs.  with  ^th  to 
583,350  lbs.   with  the  brea^g  weight.     The  value  of  the 
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Mi«lulus  for  the  samo  kind  of  Timber  ie  given  hy  coL  7  of 
Tiilil"  l()!i  at  1,G234G0  lbs.,  which  is  coirwrt  for  BtminB  np  to 
tho  Suft]  hnd,  or  Bay  ^th  of  the  Breaking  n-cight  (888). 

(787.)  Tho  offoot  of  clufectlve  elasticity  on  the  Modnli  E^ 
Ec,  En  is  eliown  grnphicftlly  by  Diagrams,  Pigs.  214,  218,  in 
whirli  all  tlio  oiporimontal  Btrains  have  been  reduocd  to  fme- 
tionn  i)f  tho  TJltimatc,  or  breaking  weight,  ho  as  to  render  the 
roHultmlirocUy  ouiapurablo  with  one  aaoth<>r.  If  th^  elasticities 
vero  perfoct,  nil  tile  lines  indicating  the  valne  of  the  ModuloB 
would  have  lieon  horizontal. 

(738.)  "Effect  of  She  of  Caglin^."—ln  Bi>arching  for  the 
Mitdulua  E„  for  oast  iron,  from  the  experimental  deflection  of 
■quani  and  reotaugnlar  bars  of  Tarions  nizes,  another,  and 
porbaps  an  unexpected  complication  is  discovered  tho  modiilos 
is  fountl  to  vary  considerably  with  the  size  of  the  bar,  or  more 
oorrectly  with  tho  leaat  dimension,  in  the  case  of  rectangular  at 
bars.  Wo  fonnd  in  (9S2)  that  the  transverse  strength  of  ^ 
ri'ctiiii;xuliir  bars  of  cast  iron  is  inversely  proportional  to  the 
Hi/.^'.  Ill"  thii  cKNtiii^',  burs  1,  '2,  ami  3  inr  hcs  fiqiian  having  specific 
Btr.>iiKtlis  ill  t\w  riitio  1,  ■7.519,  and  fi3r,4  rcspr ctivtiy,  and 
cxpiTiiiii'dts  have   shown    that   the   Modulus  En  is    similarly 

(7.'ill.)  In  oriliT  to  show  distinctly  tho  effect  of  size  alone,  it  is 
nccessiiry  to  clear  tlio  subject  from  complications  arisiiif;  from 
tho  varying  clnKticitics  of  different  kinds  of  iron  by  selecting 
and  eoiiijiaring  the  experiments  on  ono  and  the  same  kind  of 
iron,  varying  only  in  size.  Thou  again,  to  eliminate  the  otfeet 
of  dcfei-tivi^  elasticity  (t)88),  it  is  neecssary  to  bring  the  strains 
in  all  eauea  to  e<iuality,  by  reducing  them  to  fractions  of  the 
nitimrite  strain  or  bivaking  weight.  This  is  done  in  Diagram, 
Fig.  till,  "here  the  Moduli  given  by  Tables  114,  US,  from  the 
expirinii'nts  of  Mr.  Hmlgkineon,  on  Imrs  of  different  sizes,  but 
nil  nf  the  same  kind  of  iron,  namely.  Blaenavou  No.  2,  are 
plotted  to  tile  same  scale,  and  the  actual  strains  being  rediiceil 
to  fi-actioiiB  of  the  breaking  weight,  the  effects  of  the  size  of 
casting,  defect  of  elasticity  en  the  different  sizes,  Ac.,  are  made 
manifest.     This  diagram  shows  : — 

(740.)  let.  That  the  Modulus  of  Elasticity  Eb  decreases  as  the 
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strain  is  increased,  or,  is  inversely  proportional  to  the  strain,  this 
effect  being  due  to  defect  of  elasticity,  for  obviously  with  perfect 
elasticity  the  modnlus  would  be  the  same  for  all  strains,  and  the 
lines  in  the  diagram  would  be  horizontal  and  perfectiy  straight. 

(741.)  2nd.  That  this  decrease  in  the  Modulus  is  in  inverse 
arithmetical  ratio  to  the  strain,  as  shown  by  the  lines  being 
approximately  straight  ones.  Of  course  there  are  considerable 
irregularities  due  to  errors  of  observation  (not  necessarily  errors 
of  the  obaerver)^  but  the  general  result  is  that  the  lines  are 
straight. 

(742.)  3rd.  That  the  Modulus  is  inversely  proportional  to 
the  size  of  bar,  or  rather  to  its  least  dimension,  but  not  in 
arithmetical  ratio  ;  thus  the  line  of  the  2-inch  bar  is  not  exactiy 
midway  between  those  of  the  1-inch,  and  8-inch,  but  much 
nearer  the  latter,  agreeing  to  some  extent  with  the  transverse 
strength,  as  shown  by  Table  142. 

(743.)  4th.  That  the  difference  in  the  Modulus  between 
castings  of  different  sizes,  but  loaded  to  the  same  extent,  varies 
directly  as  the  strain,  being  a  minimum  with  very  small  strains, 
and  increasing  progressively  to  a  maximum  with  the  breaking 
weight.  This  is  shown  in  the  diagram  by  the  non-parallelism 
of  the  lines,  which  diverge  from  one  another  as  the  strain  is 
increased: — the  line  of  the  small  bars  being  more  nearly 
horizontal  than  those  of  the  large  ones,  shows  more  perfect 
elasticity  in  the  former,  and  that  defect  of  elasticity  is  more 
influential  on  the  Modulus  Ep  as  the  size  of  the  bar  is 
increased. 

(744.)  5th.  That  in  rectangular  bars  of  unequal  dimensions, 
the  Modulus  Ed  is  governed  potentially  by  the  least  dimension, 
rather  than  the  greater,  and  does  not  differ  materially  from  that 
of  a  square  bar  of  that  least  dimension.  Thus,  the  bar  1x2 
has  practically  the  same  modulus  as  the  bar  1  inch  squa^,  and 
the  bars  6x1?  and  8  x  I7  occupy  in  the  diagram  the  position 
of  a  bar  1^  inch  square  or  nearly  so,  not  exactly,  however,  the 
6x1^  bar  being  somewhat  affected  by  the  larger  dimension, 
which  reduces  its  modulus  below  that  of  the  3x1^  bar. 

(745.)  The  straight  lines  F,  G,  H,  J  are  intended  to  equalize 
the  anomalies  of  the  experiments  and  represent  approximately 
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the  meiui  Modulus  E[,  for  the  different  sizes  of  No.  2  BlaenaroD 
cast  iron,  and  from  them  wo  haT«  ohtained  Table  114,  vrhich 
gives  the   combined   effect  of  size  of  casting   and   defect  of 
elasticity  or  ratio  of  the  etraiii  to  the  breaking  weight,  on  tllA._ 
ModuluB  of  that  piLrticular  iron.  I 

Taule  114, — or  the  MonuLCa  of  Elasticitt,  by  Deflation,  E,  rf 
Cast-ibon  Bam,  showing  ihe  effrcl  of  Size  of  CMling.  and  R»lio 
of  Straiu  to  the  Breaking  Wtight. 


orSlnlnta 

ibKh.         1        winch.         1        IlDOai.        1        StKlw. 

Modutm  of  El^Udly  In  Lta.  pn  3i|u«r  Inch. 

■0 

■I 

8.555.000  1     15.000.000       li.^.l.OOO       14,000,000 
5.000,000  1     14,400.000       14,000.000       13.33.1,000 
4.«5,000  1    IS.WO.OOO       13.S75,0O0  [     l'2,flB7.0M 

a.«i^->.fMin  '    13. Sim. mm       i2.7r.o.ooi)       ly.iKm.rxw 

(74G  )  The  effect  of  si^e  of  cn^tins  on  the  M-.dnl.m  E„  is  ah<- 
okarly  bho«ii  by  Tal  Ic  US  where  1,  2,  and  H-inch  liars  are  all 
rolnn,]  to  OUL  htaularl  f  r  tl  purpose  of  dirtct  comparisou. 
T»kiu„'f  I  illubtriti.nfi  m  t  1  a.  the  snme  hmd  ..»  Imrxof  all 
tl  lee  8171,8  as  utarly  as  p  ssil  le,  Rny  1210  Ihs.  fur  1-iiieh  Imrs. 


..  4 :  for 


giving  E,  =  11  707  (.00  lbs,  h 
2  iiith  Iwrs  Pn  y  304  2i»ii  11  ••  ;  mid  fur  12f,0  lb, 
1  inch  hirs  L^  =  7  M  i  OUO  lis.,  &c.,  thus  sIk.v 
ic  hiLtion  as  the  8i7e  of  the  b  ir  is  increa,>iL'd. 

The  effuct  of  dcfict  of  Elasticity  on  the  JIoilul 
clearly  manifested  with  bars  of  all  sizes,  by  the 


Ihs.  . 


r.'(?..,Y-l 


:  Eu  is  also 
ost  jKTfeet 


regularity  with  which  its  value  fulls  off  as  the  strain  is  pn 
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gressively  increased  up  to  the  breaking  load,  when  the  1-inch 
bars  give  9,738,700  lbs.,  the  reduced  2-inch,  8,412,600  lbs. ;  and 
the  reduced  3-inch,  7,614,440  lbs. ;  see  (769). 

(747.)  The  Diagram,  Fig.  218,  gives  a  general  comparison  of 
the  three  Moduli,  namely,  of  Extension  E^,  Compression  Ec, 
and  Deflection  Ed,  all  reduced  to  one  uniform  standard  series  of 
strains  from  0  to  the  breaking  loads  increasing  by  ^th. 

It  will  be  observed  that  Eg  and  E^  are  nearly  parallel  to  each 
other  up  to  ^rd  of  the  breaking  weight,  although  the  actual 
compressive  strain  is  then  about  6  times  the  tensile.  Beyond 
the  strain  of  ^rd  the  modulus  of  Extension  E^  continues  to 
decrease  with  great  regularity  up  to  the  breaking  weight,  but 
in  an  increasing  ratio,  as  manifested  by  the  line  being  curved. 
The  line  of  Eq  is  remarkable,  falling  oflf  at  first  in  nearly 
arithmetical  ratio  so  far  as  ^ths  the  breaking  weight  as  is 
due  with  perfect  elasticity,  after  wliich  the  Modulus  decreases 
very  rapidly  up  to  about  *  547  of  the  Ultimate  weight,  and  then 
returning  nearly  to  its  first  rate  of  decrease.  But  it  should  be 
observed  that  beyond  *  547,  we  have  no  experimental  evidence, 
and  that  the  results  are  based  on  assumed  compressions  obtained 
by  plotting  all  the  experimental  compressions  in  a  Diagram, 
Fig.  215,  and  continuing  the  curve  by  judgment  up  to  the 
Crushing  strain.  They  are  therefore  more  or  less  problematical 
and  of  uncertain  accuracy,  but  it  will  be  obvious  firom  inspection 
that  if  the  experimental  curve  were  continued  at  its  normal 
rate  up  to  the  breaking  weight,  the  Modulus  Eo  would  be 
reduced  to  nothing,  which  is  manifestly  incorrect,  and  indeed 
absurd  (722). 

(748.)  The  values  of  Eg  and  Eo  were  determined  from  bars 
1  inch  square,  they  therefore  are  strictly  comparable  with  the 
value  of  Ed  from  bars  of  the  same  size  only,  and  we  then  find 
that  instead  of  being  intermediate  between  E^  and  Eo  as  might 
have  been  expected  (727),  it  is  for  all  strains  greater  than 
either :  hence  it  is  expedient,  whenever  practicable,  to  use  the 
particular  Modulus  adapted  to  the  case,  having  been  derived 
from  similar  cases.  Thus,  when  the  extensions  are  required, 
Ek  should  be  used ;  for  compressions  Eo,  and  for  deflections  Ed, 
taking  caro,  where  accuracy  is  desired,  to  use  the  Modulus 
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■ixfoi&lly  &pplioablo  to  tlie  ratio  of  tLo  etraiu  to  the  brcatnug 
weight,  kind  of  iron,  und  size  of  ciisting.  It  is  advieablo  to 
adopt  this  ooureo,  not  only  with  such  maturiftls  as  cast  iron  and 
timber  whose  elaBtJcity  is  very  imperfect,  but  also  with  the 
most  porfoctly  elastic  matoriola,  snob  as  wrought  iron  and  steel, 
M  ma;  bo  seen  by  (726). 

(74!),}  Wo  may  now  give  some  illuatratiooB  of  tho  application 
of  tbu  rurious  Mixliili  Kg,  E,-,  E^  to  practice. 

Say,  wo  have  a  bar  of  cast  iron  10  feet,  or  120  inches  loug, 
loaded  with  a  tensile  strain  of  i  tuna  per  square  inch,  and  we 
rcqoiro  tho  oitouaion  by  that  etraiu :— now  by  oo],  10  of  Table  88 
the  mean  value  of  Ei  is  Ihon  1I,70'.),200  Ib»i.,  and  the  extension, 
with  4  tons,  or  89l!0 lbs.,  wiU  bo  89S0  ~-  11,709,200  =  -000765 
parts  of  the  length,  or  -000765  x  120  =  -0908  inch.  Now, 
Bay  that  when  the  bar  is  loaded  with  4  tons,  we  rei]nire  the 
effect  of  4  cn-t.,  or  448  lbs.,  more :  then  by  col.  11,  the  ModuloB 
when  already  loaded  with  4  tons,  is  9,472,000  Ibe.,  hence  the 
oxtnisi,.!!  with  ■14S  lbs.  more,  would  be  448-4-9,472.000  = 
■OOlHIlT^  INU'ts  <if  tho  leiigth.  or  -0000473  x  120  =  -005676 
inrti. 

The  iippliffttiou  of  E,-  to  fiinl  the  compressions  by  crushing 
6ti-ftin«  is  of  course  precisely  similar  to  that  of  Eg,  tho  proper 
valno  i.f  ll.f  Modulus  hoiiig  tiikou  from  col.  10  or  col.  11  in 
Table  8'J. 

To  iind  the  delleclion  of  a  rectangular  bar,  the  valuo  of  E^ 
must  bo  Kolceted,  projier  for  tho  particular  iron  (739)  ;  ratio  of 
the  strain  to  the  breaking  weight  (740) ;  and  size  of  easting 
(738) ;  iiud  we  can  then  fiud  tho  deflection  by  tho  rule  :— 


(7S0.) 


Ep  X  'i  X  iC  X  b 


lu  which  a  =  the  deflt^ct    u  1   s    p  fel  t    n  jiound 

I  =  length  between  supports  m        h  s    d       1  jth  in  ii   h 
6  =  breadth  in  inches,  E        Mm!  1      of  1  fleet  j    nu  i 

per  square  inch.     Thus  i   th  a     ro     1 1   r      b  r   u     h  ch  I 
IK   inch,  ()  =  5J  inches,  I  =:  13!   feet,  or  1G2  inehes,  and   ic  = 
840  Ihe.:   taking  E^  from  cot.  7  of  Table  105  at  27,600,000, 
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the  deflection  becomes  «  =  27600000  x  4  X  H»  X  H  =  ^  *  ^^^ 
inches,  &c.  It  is  shown  in  (303)  that  the  strength  of  Timber 
pillars  may  be  found  direct  from  the  Modulus  of  Elasticity. 


CHAPTER  XIX. 

ON  PEBMANSNT  SET. 


(761.)  «  Defect  of  Elasticity r— The  elasticity  of  all  bodies  is 
more  or  less  imperfect,  and  manifests  itself  in  two  principal 
ways.  1st,  by  the  extensions,  compressions,  deflections,  &a, 
increasing  more  rapidly  than  the  strains,  whereas  with  perfect 
elasticity  they  would  be  simply  proportional  to  those  strains ; 
the  effect  of  this  fact  is  shown  in  (604),  (618),  (688).  The  2nd 
result  of  defective  elasticity  is  that  when  once  strained,  the 
body  never  returns  to  its  primitive  form,  but  takes  a  ''per- 
manent set "  varying  in  amount  very  greatly  with  the  nature  of 
the  material  and  the  extent  of  the  strain;  this  will  form  the 
subject  of  the  present  chapter. 

(752.)  In  earlier  days  it  was  assumed  that  within  what  was 
termed  the  limit  of  elasticity ,  or  with  strains  less  than  about 
one-third  of  the  breaking  weight,  the  elasticity  of  ordinary 
materials,  such  as  cast  and  wrought  iron,  timber,  &c.,  was 
perfect,  that  is  to  say,  the  extensions,  &c.,  being  simply  pro- 
portional to  those  strains,  and  giving  no  permanent  set.  But 
the  refined  experiments  of  Mr.  Hodgkinson  have  shown  that, 
although  this  may  be  practically  true  with  some  materials, 
such  as  wrought  iron  and  steel,  it  is  in  all  probability  not 
strictly  true  with  any  \  he  found  that  the  sets  were  generally 
proportional  to  the  square  of  the  strains,  or  necurly  so :  see  (688) 
and  Table  111,  from  which  it  would  follow  that  if  with  a  mode- 
rate strain  the  set  were  considerable,  then,  1st,  that  with  very 
slight  strains  the  sets  would  be  excessively  small,  and  possibly 
unmeasurable,  if  not  inappreciable ;  but,  2nd,  that  law  would 
show  that  there  must  be  sets  with  all  strains,  however  small. 
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(7E3.)  "  Caet  Jr«i."— Table  115  gives  the  result  of  Mr.  Hodff- 
kinson'a  experimonta  on  tbe  set  iVum  both  etmina ;  those  with 
teuaile  atniin  were  made  ou  round  bars  of  iron  united  together 
at  the  tiuda,  so  that  tbe  nhule  length  oxcloaive  of  the  coupliuga 
was  &0  feet:  the  diameter  was  aboiit  IJ  inch,  eqnal  to  one 
eqnaro  iiicb  area.  There  were  nine  experimootB  upon  four  kinds 
of  caat  iron :  uamely,  Lowmoor  Nu.  %  BIiicnaTou  No.  2,  Gaii- 
sberrie  No.  3,  and  a  mixture  of  Leeswood  No.  3  and  Glengamock 
No.  3  in  ei^ual  proportiona.  Tfaere  were  two  eiporiments  upon 
eouh  of  tbe  simple  irons,  end  three  upon  the  mixture : — the  mean 
osperimoutal  tensile  strains  are  given  in  col.  I,  and  the  coi^ 
reaponding  sets  in  ool.  i. 

The  sets  under  cumpreeeive  strains  were  obtained  by  expeii' 
ments  on  the  same  kiiids  of  iron,  tbe  bars  being  10  feet  loDfr, 
■od  1  inoh  Bqn«re  nearly,  and  to  prevent  lateral  flexure  tJugfi 
were  enclosed  in  a  strong  iron  framo,  Ac.  The  nipftn  c\ 
nicutiil  o<niipru8sivo  strains  are  given  in  col.  1,  and  tlio  cor- 
rospiiiidiug  Kcts  in  col,  -'i. 

(751.)  IJy  [ilotting  thcKC  experimental  results  in  diagrams  ivt 
bavo  obtained  Fijj.  217,  niiil  fami  that  wc  have  foimd  the  sets 
for  cvfU  tons  and  lialf-tmis  given  in  col.  3  of  thu  Table.  In 
col  (J  wo  have  given  tlie  ratio  of  the  sets  nnder  the  saniu 
amount  of  teiiaile  and  cunipressne  ^.trains  — it  mil  be  obMrviJ 
that  ni(h  bmall  strains,  the  couiprLSHi^e  sctb  arc  mnch  griiLtir 
than  tin.  tensilt,  ones,  but  mth  hea\y  strains  the  tcubik  stts 
ari.  much  the  greater  Tlit  lut  is  that  tho  amount  of  sd  ie 
governed,  not  by  the  absolute  htiain  alone  but  by  the  rclativi 
strain  with  lefirence  to  the  ultimate  or  bre  iLing  noi^ht  As  the 
ultimati  strain  is  aiiproaclieil  the  set  is  verv  rapidly  incrtastd 
tho  ultimite  strcu^'th  of  catt  iron  being  w\  times  greater  f  r 
compressive  than  lor  tensile  t-trains  defect  of  ilahtieity  as 
manifeeted  by  the  eet,  telis  more  lapidly  uitlt  the  lattei,  so  that 
while  nith  tbe  small  stiam  of  ball  a.  ton  jer  square  inch,  tht 
act  with  a  compicssive  stmiii  is  grcat(r  than  with  a  tinsilu  m 
the  ratio  of  1  713  to  1  they  become  about  equal  with  31  tout- 
and  only  about  half  or    o71  to  1  with  7  tons  per  square  inch 


I 
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Table  IIB. — Of  the  Pebmanekt  Skt  of  Cast  Ibon  under  Tbbsili 
aod  CoUFEKBSIvE  bTKAiNH     b^  Direct  Eiperimenta. 


s.. 

perSqiunI 

clL 

•atiuLsxga.. 

^& 

■—  J 

■vTr- 

^C^^» 

B«Ua. 

„^.. 

Uk. 

Taiu. 

2,065 

2,108 

1,120 

2,240 

i 

i 

00000167 
00000183 

00000454 
00000500 

■000002860 
■000003917 
■00000793 

1-713 

l-'SHO 

8,161 

■*,lso 

4,215 

3^360 

4^480 

ii 

'2 

00000892 
00000983 

0000148 
0000163 

■O0O0I4I3 
'00001884 

■00002147 

l'437 
1-317 

5,269 

G.'lM 
6,323 

5,600 
6.'720 

2i 
3 

0000221 
0000245 

0000347 

■00002940 

■00003100 
•00003720 

1-200 

l'072 

7,876 

S,'2S9 
8,430 

7,840 
8,'960 

"i 

0000431 
0000467 

0066553 
0000615 

■00004710 
•00005375 

■90005700 

1-008 
■927 

9,848 
10,538 
11,'S91 

10,080 

11,200 

"h 
"5 

0000703 
«)00807 
0000885 
0001033 
0001088 

•00006810 
■00007930 

■844 
■768 

,. 
12;W5 
13,700 

12.320 

13^440 

0001313 

0001340 
0001613 
0001747 

•00009180 
-00009063 

•0001045 

•699 
■648 

14,453 

u'tbs 

14,'5« 
15,880 

'7 

oooigso 

0002300 

■0001171 

■OOOIISI 

■000V320 

■0001427 

■606 
■574 

w 

m 

C3) 

(•) 

C») 

D 

402      PEBIiIANEST   BKT  OP  OAGT   IBOH  :  TEJtSUX:  COMPBEGSITE. 


amlD  pec  Sqitn  Id 

h. 

Piraunrnt  Bet  Id  Puu 

E.p.n. 

\Tr- 

■"5="'" 

RiUa. 

'^iS^'- 

11*                  TbM. 

18,583 
20,'647 

17,920 
20,'i60 
22,'400 

■0001827 
■0O0I709 
■00UISS3 
■0002070 
■0002307 

24,6W 
2e,'8M 

agiiao 

11 

12 

ih 

■0002713 
•0002GB3 
■0003160 
■000S53» 
■OWSTIO 

^l.'3n 

31,300 

■l2.'.^i:o 

(-1 

u 

(J) 

■offlmso 

■IKMITSTO 

■ ■.iryif) 

-(Hin:i7 

■ 

thnt  Ixring  alumt  tlic  breaking  wciglit  by  tensile  Btralu,  but  only 
onc-sixtli  of  tho  brenkiug  weight  by  comiiressivc  Btniiii, 

(TS-I.)  Tlio  ultimate  coiupressivc  BtreugtU  of  cast  iron  is 
itbiiitt  1^  or  4tj  toiiB  per  Bijiiaro  iucb  (132),  but  the  Bct  was  nut 
r.bservcd  ivitli  Rti'aiuB  greater  ttian  about  1!)  tons,  rs  iu  Ibe 
Tiible,  "With  2!.  tons  per  Ei^uarc  inch  TenBiIo  strain,  which  is 
about  \i-A  of  tho  strength  of  cast  iron,  the  eitciision  by  eol.  4  of 
Table  88  is  •00014C25,  and  tho  set  with  that  strain  by  col.  4  of 
Table  ll.'j  being  -0000245,  is  equal  to  ■0000245  -f-  ■00044C25 
=  ■OSS,  or  5,'.  jicrccnt.  With  14  tons  per  square  inch  crusbins 
strain,  wliicli  is  about  ^rcl  of  tlic  iiltimnte  compressive  stren^h 
of  cast  iron,  tho  comprcBsion  by  col.  5  of  Table  BD  ia  ■002731, 
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and  the  set  by  col.  5  of  Table  115  being  -000443,  is  equal  to 
•000443  -T-  -002731  =  -016,  or  1-6  percent,  only. 

By  cols.  4,  5  the  permanent  set  with  any  given  tensile  or 
compressive  strain  may  be  easily  calculated  by  interpolation, 
remembering  that  it  is  proportional  to  the  square  of  the  strain 
(752).  Thus,  the  set  of  a  cast-iron  bar  after  a  tensile  strain  of 
6000  lbs.,  or  2  •  7  tons,  may  be  found  from  col.  4,  which  gives 
•0000245  for  2^  tons,  therefore  -0000245  x  2-7«-t- 2-5»  = 
•0000286  for  2-7  tons,  which  with  a  length  of  say  72^  feet,  or 
870  inches,  gives  •  0000286  x  870  =  •  25,  or  \  inch  permanent 
set,  <&c. 

(756.)  «  Wrought  Iron."— The  results  of  Mr.  Hodgkinson's 
experiments  on  the  set  of  wrought  iron  under  tensile  strains 
are  given  in  cols.  5,  5  of  Tables  94,  95,  the  "sets"  being 
reduced  to  parts  of  the  length  of  the  bar.  The  observed  sets 
with  very  small  strains  are  very  anomalous,  due  no  doubt  to 
the  difficulty  of  measuring  with  accuracy  such  minute  distances 
as  the  sets  really  are  with  light  strains,  even  when  the  bars  are 
of  great  length: — thus  the  observed  set  with  7571  lbs.  was 
only  *  0022,  or  ^^  inch  on  a  length  of  50  feet.  The  sets  for 
even  tons  were  obtained  by  interpolation  between  the  next 
greater  and  lesser  experimental  sets. 

By  plotting  the  experimental  observations  in  a  large  diagram, 
we  have  obtained  the  sets  in  col.  2  of  Table  116 ;  the  mean  set 
per  ton  given  in  col.  8  will  serve  to  calculate  the  set  for  strains 
intermediate  between  those  given  in  the  Table,  by  simple  inter- 
polation, which  will  be  accurate  enough  for  ordinary  purposes. 
Thus,  with  a  bar  100  feet,  or  1200  inches  long,  with  say  12*4 
tons  per  square  inch  Tensile  strain,  the  set  after  the  strain  was 
taken  oflf  would  be  -00000725  x  12-4  x  1200  =  -108  inch; 
mpre  accurately  it  would  be  -108  x  12-4' -7- 12*  =  '115  inch. 
For  strains  under  8  tons,  it  has  been  assumed  in  Table  116  that 
the  sets  are  proportional  to  W*  (752).  Tables  94,  95  show  that 
with  heavy  strains,  time  is  very  influential  on  the  Permanent 
Set. 

(757.)  Cols.  6,  6  in  Tables  94  and  95  show  that  the  per- 
manent sets  give  very  clearly  and  definitely  the  point  at  which 
a  wrought-iron  bar  is  overstrained  by  a  tensile  strain.    Thus,  in 

2  D  2 
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,E  IIB. — Of  Ihe  pERMASBUT  "Set"  of  WEOifQnT  Ibor  under 
Ten  SI  LB  Stbaisb. 


&!l  Id  PuU  of  Dm  Lm^  of  the  Bur. 


O00D005S2 
000001212 
000002208 
000003450 
n000019f* 
000006702 
nOOOOSS27 
0000132 

ooooaau 


0080 
0125 
0100 
0214 


■001)000138 
■  000000276 
■OOOOOOiU 
■000000552 
■OOOOOOliW 


■000001103 
■OOOOOHW 
-000002500 


r  Dm  Lm^  of  the  Bur.  jB 

Bj  Dlnet  EipeilraenL  ^^M 

B*r  i  Indi        Bu-  (  Incb  Ucui_       ^H 

DUunaer.           DlamiWr.  «i«™i.        ^h 

■00000285  H 

■00000356     '00000480  -OOOOMZS    ■ 

'00000427      '0O0O0ti64  'O0UOO549     M 

■00000199      '00000»<a2  -OOUOOffiW 

■00000631      -00O0I2O  -00000B15 

-0000101        '0000225  -0000183 

-OOOOaOS        '  0000327  -  0000208 


■  iron.nio 
-iio(vr;i.i 
'O'lO'.m 
■ooii:i 
01)1  :iO 
'ii[ii4ri 


Table  n,  t\w.  Bc:t  with  i!7,T(U  Ibe.  is  9'3  per  cent,  of  Iho  eitec- 
won.  lint,  witli  M.^Hl  lbs.  becomes  3(1 '5  per  cent.;  again,  in 
Tiiblc  35,  20,075  lbs.  givt'S  a  sut  of  8 '  2  per  ccut.  of  the  esten- 
Hion ;  but  21l.3i:i  lbs.  gives  20  per  ceut.,  Ac.  With  both  thew- 
ban*  therefore  about  1'2  ttms  per  square  inch  will  Jecidodly 
ovtrstniin  the  inin  :  with  very  heavy  Btraina  the  pcrmaneut  eel 
is  nearly  equal  In  the  extension,  beiug  as  much  fts  92  per  cent, 
in  Table  94,  and  94  per  cent,  iu  Table  115. 

We  have  imfurtunately  uo  experiments  on  the  set  uf  trroughl 
iron  under  cumpressive  strains ;   neither  have  wc  any  cxpcri- 
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ments  showing  the  eflfect  of  variations  in  the  thickness  or  size 
of  bar  in  the  case  of  cast  iron  on  the  sets  under  tensile  and 
compressive  strains ;  the  e£fect  of  size  on  the  set  of  bars  loaded 
transversely  we  shall  find  (769)  to  be  very  considerable. 

(758.)  The  longitudinal  set  may  be  determined  approximately 
£rom  the  observed  set  of  a  bar  loaded  transversely  by  the  rules 
in  (511),  (642).  Thus,  by  col.  5  of  Table  106  a  bar  of  wrought 
iron  in  wliich  d  =  1*  515  inch,  &  =  5  *  528  inches,  I  =  18^  feet, 
or  162  inches,  loaded  with  a  weight  w  =  952  lbs.  in  the  centre, 
has  a  set  of  *02  inch.  This  by  the  rule  (511)  is  equivalent  to 
a  strain  at  the  upper  and  lower  edges  of  the  section,  orf  = 

8  X  162  X  952  ,^«^^„ 

2  X  5-523  X  1-515'  "^  '  ^'  ^'  square  inch ; 

> 

and  the  longitudinal  set  with  that  strain  by  the  rule  in  (642) 

becomes  Ex  =  -^2">r81^ ~  -000006927  of  the  length 

of  a  bar  strained  longitudinally  with  8  tons  per  square  inch. 
By  direct  experiment,  the  set  by  Table  116  =  '00000827,  the 
^inch  bar  gave  *  00000678  with  18,672  lbs.  by  Table  95 ;  and 
the  I  bar  in  Table  94  gave  -0000109  with  17,666  lbs.  tensile 
strain.  This  method  is  useful  in  those  numerous  cases  where 
we  have  no  direct  experimental  information. 

PEBMANBNT   SET  XTNDEB  TBANSVEBSE   STBAINS. 

(759.)  "  Cast  Iran," — The  elasticity  of  cast  iron  varies  so  much 
with  different  kinds  of  iron,  and  with  the  size  of  the  casting,  or 
rather  with  its  thickness  (744),  that  it  is  difficult  to  give  rules 
for  permanent  set  which  will  be  even  approximately  correct  for 
general  cases. 

For  rectangular  bars  of  Cast  iron  we  have  the  Bules : — 

«    L*x(Wt-*-«)"x-012 
(760.)  For  Wt  in  tons,  8=      ^^    ^5^^ 

(761.)         WomcwtB..S  =  ^^^<^°;,y^'^^^^ 
(762.)        W^inlbs..    s,L-x(W,^^)^xJ0000002391. 
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With  square  Bcctions  those  Bales,  become: — 

(7e3.)  For  Wi  in  tons,  8  = ^^"^ 

(764.)  Wo  in  ctt-ts.,  8= Tj 

((da.)         W,  m  lbs.,    S= '—jj 

111  wbidi  L  =  longtb  between  supports  in   feot :   d  =  depth 

ill  incfaes :  6  =  breadth  in  inehoe :  i  =  tlie  ratios  of  strength  « 
govemud  bj  tho  least  dimension  of  the  casting,  and  ae  given 
in  (334),  &c.:  6  =  Permanetit  sat  in  inches. 

ThuB,  with  the  bar  in  Table  108  say  we  take  Wp  =^  113  lbs. ; 
being  162  inches,  -i  =  1  ■  522  inch  :  6  =  3  ■  066  inches,  *c    Then 
taking  s  from  (934)  =  -8141  for  IJ  inch  thick,  the  Rule  (763)  i 
m™  R      IS-fi'  X  (Ha-J-SUl)"  X  •000000002391      .rtias  ' 

^  i-'''.'>''"~vli^fi"n'~ " — '~ 

iu.h  ri/rmaiiunt  set;  cl.  10:  expiiimcnt  gave  -0192  inch, 
'■<il.  H.  Tliu  ci.ls.  H  and  10  <lo  not  agree  very  well  with  heavy 
KtrniiiB. 

(7(;i;.)  The  mean  Tnmsvcree  broking  weight  of  a  cast-in.n 
\»n-  I  inch  sqnuiv  and  1  fo.it  hmg  is  2063  lbs.  by  c.l.  7  of 
Tuhle  CI,  hciiL-e  with  Fm-tor  S  wo  have  -MVi  -^  3  =  088  lbs.  safe 
load,  with  whieh  Eiile  (7G.J)  gives 

y       r  X  (CKH-^1)^  X-O0OO0OO02:i01        rtn,,o.T     1.      , 
»  =  iv  ~  -001132  inch  set 

with  8afo  load,  from  which  wc  obtain  the  Rules : — 

(707.)  Fcrmancut  set  with  Safe  Load  S,  =   -j —    ,,^j.- 

(70».)  „  „   wilLB,o.ki.Bw.igl,t,S..^J-;„„. 

Ill  which  Sg  =  Pumianeut  set  with  Safe  Loiul,  and  S^  with 
Breaking  weight;  tlie  rest  as  before.  These  simple  rules  may 
he  applied  witli  appi-oximnte  iieeunicy  lo  eafit-irou  beams  of  all 
sections,  the  ellect  ol'  size  heiiig  eliiuiuateii  (77li) :  for  esamplc,  a 
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girder  of  any  ordinary  section,  say  20  feet  long,  and  8  inches 

20' 
deep,  gives  Sb  =  ^       |qq  =  '5,  or  ^  inch  set  with  Breaking 

20* 
weight:    and  Sg  =  o~77~qaa  =  '0555,  or  -j^th  inch  with  safe 

load,  namely  ^rd  the  breaking  weight,  &c. 

Table  117  gives  a  summary  of  Mr.  Hodgkinson's  experiments 
on  the  mean  set  of  1-inch  bars  of  cast  iron,  4^  feet  long :  col.  3 
has  been  calculated  by  Bule  (765) :  thus  with  56  lbs.  we  obtain 
g  ^  4>yx  (56  ^D^^X '000000002391  ^  .^^ggyg  ^^^  ^ 


Table  117. — Of  the  Pkbmakent  Set  in  Cast-ibon  Beams, 

1  inch  square  and  4^  feet  long. 

Weight 

By  Experiment 

By  CalcalAtioiL 

RattoofLoadto 
Breaking  Weight 

lbs. 

56 
112 
168 
224 

inch. 

•0037 

•0127 

•0280 

•049 

inch. 

•003075 

•012300 

•027675 

•     -049200 

Per  Cent 
12 
24 
36 
49 

280 
336 
392 
448 

•076 
•109 
•149 
•196 

•076875 
•110700 
•150675 
•196800 

61 
73 
85 
97 

(1) 

(3) 

(3) 

W 

(769.)  ''Effect  of  Size  of  Casting:'— This  eflfect  will  be  most 
clearly  shown  by  reducing  the  experimental  results  from  bars 
of  different  sizes  to  the  equivalent  loads,  deflections,  and  per- 
manent sets  with  a  ''  Unit "  beam,  or  a  bar  1  foot  long,  1  inch 
deep,  and  1  inch  wide,  and  in  order  to  clear  the  inyestigation 
from  the  complications  arising  from  the  varying  properties  of 
different  kinds  of  iron,  it  will  be  necessary  to  take  one  and  the 
same  iron  for  all  the  bars.  We  shall  then  obtain  the  deflec- 
tion and  set  for  bars  of  different  sizes  in  a  directly  comparable 
form  and  shall  show  the  effect  of  size  alone  cleared  from  all 
obscuring  circumstances ;  see  (746). 

For  this  purpose  we  will  take  Blaenavon  No.  2  iron:  bars 
about  1,  2,  and  3  inches  square,  with  lengths  of  4^,  9,  and  13j^ 
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feet  roapoctively,  were  eiperimeated  upon  by  Mr.  Hod^doBoa ; 
tho  loads,  deflections,  and  permanent  sete  are  given  by  ooIb.  1, 
a,  3  of  Table  118. 

To  reduce  the  loads  in  col.  1  to  equivalent  onca  of  a  "  Unit " 
beam  we  hove  the  Rule  :— 

(770.)  W  =  w  X  L  H-  (d»  X  t). 

In  which  W  =  rednoed  weight  on  Unit  beam:  ic  =  the  experi- 
mental weight  on  a  bar  whose  depth  =  d,  and  its  breadth  =  b, 
both  ill  inches :  while  its  length  =  L  in  feet.  Thus  a  weight 
=  234  Ibe,  on  a  bar  ISJ  feet  long,3'05  inchea  doep.and  S-OHS 
inches  wide  is  by  the  Rule  equivalent  to  W  =  224  x  J3-5-r 
(3-05'  X  3095)=  105  lbs.  on  a  bar  1  X  1  inch  x  1  foot  lung, 
as  in  col,  6  of  Table  118. 

Then  to  rodnce  the  eiperiinenta)  defection  with  say  tba  some 
3-ijich  bar  to  that  due  to  the  eiiuivalent  load  on  Unit  bu  we 
have  the  Bole : — 

(771.)  8,  =  8xrf-^L». 

In  which  S  =  the  dcflectinn  by  experiment  with  a  bar  whose 
depth  =  (tin  inches,  and  its  Icngtb  L  in  feet  r  i,  =  tbe  deflec- 
tion with  eqvualenf  weight  on  Unit  beam  :  thus  in  our 
caseB,  =  -195  x  3-05  -^  13-5'  =  -00320,  as  in  col.  6  uf 
Table  118. 

The  reduced  pemiiment  sot  may  bo  found  by  a  modificatioD 
of  the  same  Rule; — 

(772.>  S,  =  S  X«!-^L'. 

In  which  S  =  the  permanent  set  by  eiporiment  with  a  bar 
whose  depth  =  tl  in  inches  and  itn  length  L  in  feet,  and  S,  = 
the  ciiuivalent  sot  on  a  bar  1  incli  square  noil  1  foot  long:— 
thus  ill  our  ease  "003  x  3-05  -^  13-6'  =  -0000502  inch,  as  in 
col.  7,  Ac. 

We  thuB  find,  tliat  with  a  bar  13i  feet  long,  3-05  inches  deep, 
3-095  inches  wide,  a  load  of  ■^•24  lbs.  proilnces  by  experiment  a 
deflection  of  -11)5  inch,  and  a  pcrmautnt  set  of  -003  inch,  and 
that  this  is  equivalent  to  a  load  of  105  lbs.  on  a  bar  1  f<M)t  long 
and  1  inch  square,  which  load  would  give  a  deflection  of  -00320 
inch,  and  a  iiemancnt  set  of  -0000502  inch,  &c.  Table  118 
has  been  calculated  in  this  way  throughout. 
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Table  118.— Of  the  DBPLronoN  uid  Pbbuaiibht  Set  of  Bam  of 
Blaenaton  Cast  laoH,  1,  2,  sEid  3  incbea  square:  showintr  the 
effect  of  She.  ^ 


fl«.LT 

:4<Fi!i4:iI  =  1-o;e: 

6  =  1  041. 

R«dii«d>o 

lla.aiB«T,in.Loug. 

HodulDl  i.f 

Lm-L 

DcBwlloB. 

^ 

KluLlctv  Kc 

iZ"  n 

*a«tlaii. 

Sot. 

28 

■OtiO 

■0023 

13, 679'.  800 

101 

00:ii8 

-0001317 

56 

■iiu 

■006 

14,151,500 

202 

00616 

■0003185 

112 

•238 

■012 

I3,7SI4.700 

403 

01263 

■000639 

168 

■3ti8 

■022 

13,382,400 

606 

01953 

■001168 

224 

■513 

■038 

13,054,300 

807 

02723 

-002017 

2g0 

•665 

■058 

12.342,400 

1009 

03530 

-003078 

S3i! 

■837 

■094 

11,767,600 

1210 

(M443 

-004991 

1'0J9 

■131 

11,276,800 

1412 

05409 

-006954 

H8 

1225 

■181 

10,720,600 

1614 

06502 

-009608 

47G 

1348 

10,351,200 

I7I4 

07155 

Mi 

1-462 

■257 

10,105,500 

1815 

07760 

■01364 

532 

1-567 

9,!l5-2  120 

1916 

08318 

S50  Broke 

1-656 

-325 

9,738,700 

1980 

08790 

■01725 

Bv.L 

=  SF«t:d 

=  .-™,. 

IMnndlo 

lIn.SqM 

m.lFt,L«ig. 
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■160 

-006 
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00397 
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-024 
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25S 

(M183,') 

■000595 

■533 

■050 

12. +y 1.400 

383 

01321 

■001240 

na 

■745 

-081 

11,915.800 

510 

01847 

■002082 

560 

•975 

■126 

11.381,100 

638 

02417 

■003124 

672 

1224 

■179 

10.870,000 

765 

030.14 

■001438 

784 

^4i)7 

■245 

10.377,500 

893 

03710 

■006074 

1'758 

■318 

10,099,200 

1020 

01353 

■007883 

1008 

2-129 

■435 

9,844,000 

1148 

03278 

■01078 

10« 

2-266 

9,304.260 

1212 

05617 

1120 

2-499 

■572 

8,880,830 

1273 

06195 

■01418 

1207  Broke 

2-843 

8,412,600 

1372 

07048 

■01780 

B«.L 

=  131F«M 

d=3  3<llE; 

b  =  3-IM. 
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lI».S,Ui 
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-003 
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•0000502 
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■014 
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•072 
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Tadi.b  118.— Of  the  Deflectiok  juwI  Pbrmasest  Skt  of  Babs  of 
Blaehavon  Cast  Iron,  1,  2,  und  3  incbes  square — conCinutil. 


Bu.  L  = 

l«F«t: 

.  =  »-0.: 

b  =  3-W6. 

IWdcH 

lolln.Sqwn,IFlL«»- 

•S 

MItcMb. 

'■"zr' 

CmtnU 
1  UaO. 

DfDKUoL 

Ita. 

1-447 

•186 

11.244.900 

630 

■02422 

■003119 

1508 

1-779 

■275 

10,667,300 

735 

■02977 

■004619 

1792 

2-183 

■3((8 

<l.!<35.910 

840 

•03653 

■006403 

2016 

2-568 

■531 

9.501,240 

945 

■04298 

■00B89T 

2240 

2-997 

-ess 

9,lHli,MU 

1  1030 

•OS0I6 

■01151 

2«4 

3(137 

■981 

8.19».4I)0 

1155 

06086 

■01648 

26S8 

4-005 

1-218 

7.  M.-;,  1)011 

laeo 

■06853 

■02038 

2863  Broke 

4' 451 

1-G30 

7, Gil, 440 

ma 

■07617 

-02728 

(I) 

(') 

(3) 

(*) 

M 

W) 

(773.)  In  the  Digram,  Fig.  219,  these  reduced  deSeoticn 

nnd  permanent  Beta  are  represented  graphicftlly,  and  show 
cicai-ly  the  sniieriiir  strciiyth  ami  stitlueKs  of  email  castings. 

It  iu  iniptii-Limt  to  ubsiirvu,  however,  that  the  permaueut  set 
witli  the  safe  load  of  .',rd  the  breaking  weight  is  about  the  samo 
with  all  the  bare:  tlius  at  A  or  Jnl  tho  breaking  weight  of  the 
1-inch  bar,  the  sot  is  about  the  eanie  as  at  B,  which  is  abont 
^rd  tlie  breiikiug  weight  of  the  reduced  2  and  3-inch  bare. 
This  shows  that  the  Itule  (7G7)  applies  to  bars  uf  all  sizes. 

That  defect  of  elasticity  inci-oascK  with  tho  size  of  the  casting 
is  maiiifu^ted  iu  tho  Diagram  by  the  {wrmauent  sot  ami  the 
de6octioiiB  iucrcosiug  thoi-ewith:  it  ie  also  shown  bj  tho  high 
ratio  of  Iho  two  to  oue  another,  which  also  increases  with  the  size 
of  the  bar,  as  bhown  by  Table  1  IS.  Thus  the  ratio  of  tho  ultimate 
set  to  tho  ullimate  deflection  is  with  the  1-iiich  bar  ■0879 -r- 
■01725  =  5-iV.ili:  with  the  2-iiieh  bar  ■  070-18 -^  -0178  = 
S-'JH:  and  with  the  U-inch  bar  ■07i;i7 -^  02728  =  2 -793. 

Again :  taking  from  eol.  ii  tliu  siiuie  loail  as  nearly  as  poesiblo 
on  the  i-edueetl  1,  2,  and  3-incii  hiirs,  we  have  say  1009,  1020, 
and  1050  lbs.,  nml  might  exjieet  the  Periuanoiit  Euts  iu  col.  7  to 
bo  all  alike,  but  so  influential  in  ghe  on  tho  streug.h.  and 
thereby  on  the  set,  that  col.  7  gives   ■00;i078;    -007883  and 
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-  01151,  or  in  the  Batio  1  *  0 ;  2  *  56,  and  3 '  74.  The  fact  is  that 
although  the  loads  were  nearly  identical  in  actual  amonnt,  they 
were  very  different  in  their  Batio  to  the  respective  strengths  of 
the  bars :  with  the  1-inch  bars  the  load  was  1009  -f- 1980  =  -51, 
or  51  per  cent,  of  the  breaking  weight :  with  the  reduced  2-inch, 
1020  -r- 1372  =  -74,  or  74  per  cent. :  and  with  the  reduced 
3-inch  bars  1050  -f- 1342  =  •  78,  or  78  per  cent.  The  Permanent 
Set  increasing  very  rapidly  as  the  Breaking  weight  is  approached, 
that  fact  tells  on  the  results,  as  we  have  seen. 


CHAPTEB  XX. 

ON   IMPACT. 


(774.)  "  General  Principles,'' — The  power  of  bodies  to  resist 
an  impulsive  strain  or  a  blow  is  second  only  in  importance  to 
their  power  in  bearing  a  statical  load  or  dead  weight.  Many 
of  the  forces  which  the  Engineer  has  to  deal  with  in  practice 
are  dynamic  ones,  or  forces  in  motion,  and  as  the  laws  governing 
the  strength  of  Materials  in  that  case  differ  entirely  from  those 
for  a  statical  force  it  will  be  necessary  to  investigate  those  laws 
somewhat  exhaustively. 

We  will  take  first  the  case  of  impact  on  Beams,  not  only 
because  it  is  the  most  important  but  also  as  giving  the  greatest 
facility  for  the  illustration  of  general  principles.  It  will  be 
expedient  in  explaining  the  theory  and  leading  facts,  to  take 
first  a  very  light  beam  or  a  case  in  which  the  weight  of  the 
beam  itself  is  so  small  in  proportion  to  the  strength  liiat  it  may 
be  neglected  without  sensible  error.  The  results  we  thus 
obtain  may  be  afterwards  modified  for  practical  cases  in  which 
the  weight  of  the  beam  or  the  load  upon  it  is  considerable  and 
its  effect  influential. 

(775.)  Let  A  in  Fig.  186  be  a  beam  or  elastic  spring,  say  of 
steel,  fixed  at  one  end,  and  let  its  elasticity  be  such  that  it 
deflects  1  inch  for  each  pound  at  the  end,  then  with  W  '=  10  lbs. 
as  in  the  figure,  the  deflection  will  be  10  inches,  or  from  B 
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to  C.  Now,  a  cortaiD  amonnt  of  jimoer  boa  to  be  expended  in 
thus  bending  the  beam,  whicb  may  be  exproeeed  in  inch-lbs ,  (ir 
pounds  falling  1  inch.  At  first  eight  it  might  appc&r  that  in 
OUT  case  we  bavo  10  lbs.  falling  10  inches,  or  10  x  10  =  100 
inch-lbs.,  but  the  etrain  or  bending  weight  ia  not  uniform 
throughout  the  fall ; — at  first  it  is  0  and  incrcasca  from  B  to  C 
in  arithmetical  ratio  from  0  to  10,  hence  the  fnam  weight  is 
evidently  (0  -f  10)  -j-  3  =  6  Iba.  which,  falling  10  inches,  gifes 
6  X  10  =  60  inch-lbs.  as  the  power  required  to  bend  tba  spring 
10  inches.  It  follows  from  this,  that  if  the  weight  inst^  of 
being  placed  steadily  on  the  beam  wore  allowed  to  fall  through 
the  10  inches  deflection,  we  should  require  only  5  lbs.  to  deflect 
the  beam  &om  B  to  C,  instead  of  10  Ibe.  dead  weight.  I^  there- 
fore, we  place  6  lbs.  at  B  and  suddenly  rcleaae  it,  the  spring 
wonid  be  deflected  by  that  weight  to  C.  the  point  duo  to  a  dead 
weight  of  10  lbs, ;  or,  if  on  the  other  hand  the  weight  of  10  lbs. 
had  been  suddenly  released  at  B  it  would  harro  deflected  the 
beam  not  to  0  only,  but  to  D,  20  inchps  below  B ;  or  in  oth'-r 
words,  it  would  have  stniined  the  B])ring  to  an  extent  double 
that  priiducod  by  a  similar  dead  weight.  That  this  in  a  fact  is 
proved  and  illustrated  by  the  esperimciits  of  Captain  James,  E.E., 
given  in  Table  ll'J,  the  mean  ratio  of  the  14  experiments  is  1 
to  1'938,  or  very  nearly  double  as  given  by  theory.  The  game 
cfTcct  would  be  priKlueud  by  nny  weight  leas  than  5  lbs.,  if  the 
height  of  fall  wore  proportion  ally  increased  ;  thus  a  weight  of 
1  lb.  falling  50  inchus  from  E  to  C  would  deflect  the  beam  as 
before  from  B  to  C. 

It  sliould  be  observed  that  the  height  of  fall  must  be  measured 
from  C,  the  point  to  ivhich  the  beam  is  deflected,  and  not  from 
B,  the  point  where  the  falling  weight  first  strikes  the  Beam. 


(7711.)  The  FoK.:r  of  a  beam  in  resisting  Impact  has  been 
termed  its  "  Resilience,"  and  it  will  be  seen  from  the  foregoing 
investigation  that  it  may  he  expressed  hy  taking  half  the  product 
of  the  deflection  by  the  weight  producing  it :  hence  wo  have 
the  geneiitl  Kule : — 

(777.)  K  =  e  X  W  X  J. 


4  bbamb:  bbbiubnoe. 
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In  which  B  =  the  deflection,  buj  in  inches :  W  =  the  dcflMrting 
weight  in  lbs.,  tons,  &c.,  and  R  =  the  Resilience  of  tho  B**iu 
in  iach-Ibs.,  or  inch-tons  depending  on  W.  The  most  nsoful 
tbJucb  <if  R  are  for  the  two  standBrd  loads ; — Breaking  Weight,— 
and  Working  Load ;  for  convenience  we  may  indicate  thorn  by 
E  and  r  respectively. 

Tahle  67  gives  in  cols.  6  and  6,  the  valnes  of  H,  r,  in  int-h- 
lbs.  for  a  Standard  bar  1  inch  sqiiare  and  1  foot  long,  whifh 
may  bo  termed  the  '■  Specific  Kosilieuoe  "  of  those  Materials. 
Thus  for  Cast  iron  R  =  d  X  W  X  J  becomes  E  =  -0785  x 
2063  X  i  =  81-0,  OS  in  col.  5:  similarly  cola.  3,  4  give 
r  =  -0107  X  G88  X  t  =  6-78,  as  in  cnl.  6. 

The  same  reasoning  and  Knlo  will  apply  to  cases  other  than 
bcame,  say  to  the  driving  of  a  nail  fay  a  falling  vreight :  thus, 
Mr.  Bevan  found  that  to  drive  a  siijietiny  nail  1.}  inch  into  dry 
Chrietiania  Deal  retinired  a  steady  pressure  of  400  lbs.  To  do 
the  same  work  by  impact  required  4  blows  of  a  hammer  weigfaisg 
V,--27o  llw.,  fiilliri;,'  1-2  iiR'hos  nt  ca(h  strike,  tW  loefhimiral 
work  <h)iLo  hfiug  0--275  x  12  x  4  =  301  inch-lbs. :  by  the 
Rule  wc  (ibtiuu  R  =  1,]  X  400  X  i  -  300  inch-lhs. 

(77J-'.)  We  con  now  soarfh  for  the  Laws  by  which  the  doj>tli, 
breadth,  and  luugth  of  a  beam  giivern  IE,  or  its  power  in  resisting 

Impact.     By  (C50)  it  is  shown  that  fl  = ^^ — j — •  henit 

W 

wlicn  all  are  constant  csccpt  d  aud  W,  we  liavo  S  =  — .    >'ow  hj 

(321),  tlio  strength  of  beams  or  W  varies  as  iP,  henco  with 
dopths  in  the  ratio  1,  2,  3,  4,  tlie  transverse  strength  for  a  dead 
load  will  vary  in  the  ratio  1',  2',  Ei',  1^  or  1,  4,  U,  H!,  and  with 
W  1  4  9  K) 
those  loads,  the  denections  by  rule  S  =  — j.  become  — ,  _,  _  . 

orl,.l,,l,,l,benco  thcivi/ioofK  ora  x  Wcomeeoutl  x  1  =  1: 
4x. I  =  2:9x1  =  3,  "'"1  II*  X  J  =  4,  or  iu  the  simple  direct 
ratio  of  the  depth  d,  namely,  1,  2,  3,  4. 

Then,  for  the  breadths:  the  same  Etilo  (C5!))  shows  that 
W 
fl  varies  as-p,  therefore  with  breadths  in  tho  ratio  1,  2,  3,  4, 
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W 

the  weights  W,  are  1,  2,  8,  4  also,  and  -r-  becomes  |,  i^hi  == 

1  *  0  in  all  cases,  showing  that  when  the  loads  are  proportional 
to  the  breadths  the  deflections  are  constant.  Bat  B,  or  d  X  W, 
will  not  be  constant,  bat  become  1x1  =  1:1x2  =  2: 
1x3  =  3:  and  1x4  =  4,  &c.,  showing  that  B  is  simply  and 
directly  proportional  to  &. 

Then,  for  the  inflaence  of  the  length :  the  same  Bole  (659) 
shows  that  a  =  L*  x  W ;  then  with  lengths  1,  2,  3,  4,  W,  or 
the  dead  loads,  will  obvioosly  be  in  the  simple  inverse  ratio, 
1,  ^,  ^,  ^f  &c. :  hence  the  deflections,  or  d  =  L*  x  W,  become 
1»  X  1  =  1 :  2»  X  i  =  4:  3»  X  i  =  9 :  and  4»  X  i  =  16,  and 
B,  or  the  power  to  resist  Impact,  or  d  X  W,  becomes  1x1  =  1: 
4xi  =  2:  9xJ  =  3:  andl6xj  =  4,  which  are  in  the 
simple  direct  ratio  of  the  lengths.  This  is  remarkable,  being 
precisely  the  reverse  of  the  effect  of  length  on  the  dead  load, 
where  of  coarse  the  strength  is  intfersdy  as  the  length. 

We  thas  find  that  the  power  of  Bectangolar  Beams  in  re- 
sisting Impact,  or  B,  is  simply  and  directly  proportional  to  the 
length  multiplied  by  the  depth,  and  by  the  breadth.  Patting 
these  resalts  into  the  form  of  Bales,  we  have  for  Bectangolar 
beams: — 

(779.)  *  =  dxhx-LxE 

^        ^  to 

(780.)  u7X^  =  dx5xLxB. 

In  which  d  =  the  depth  of  the  Beam  in  inches  :  5  =  breadth  in 
inches:  L  =  length  between  sapports  in  feet:  w  =  falling 
weight,  say  in  lbs. :  h  =  height  fallen  by  to  in  inches,  and  B  = 
the  Specific  Besilience  of  the  Material,  as  given  by  cols.  5  or  6 
in  Table  67 ;  cols.  9,  12  in  Table  64,  &o. 

These  Bales  do  not  allow  for  the  resistance  from  the  Inertia 
of  the  Beam  or  of  any  dead  load  it  may  bear  before  receiving 
the  force  of  the  blow,  and  by  which  the  resalts  may  be  modified 
very  considerably. 

(781.)  "  Effect  of  the  Inertia  of  the  Beam."— Mr.  Hodgkinson 
has  shown  by  his  experiments  that  in  resisting  impact,  the 
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power  of  a  heavy  beam  is  to  tbat  of  a  light  one  ns  the  inertia 
of    the    beam    pins    the    falling    weight    is    to    tbe    falling 


weight  ftlone,  or  as  — 
dxftxLxE 


— ,  henco  the  Enle   (780)  becomes 
,   from    which    wc  obtain  the 


h  _<^xt'XLxfix(I  +  tp) 


b 

X  L  X  E  X  (I  +  ») 

d 

xlxBx(l  +  »V 

general  Holee  :■ 
(782.) 

(783.) 


(784.)  b  = 

(785.)     ^xi.^^p-^). 

In  which,  the  lettorp  have  tho  sumo  signification  as  in  (780). 
except  I,  which  is  tho  Inertia  of  the  buani  and  tho  load  upon  il- 
TLe  inertia  of  a  beam  uniform  in  section  from  end  («  enil, 
BUji|H>rtcd  at  tbo  ends,  and  strnck  in  tho  centre,  may  bo  taken 
at  lialf  tlio  weight  between  supjiorts.  To  this  has  to  be  aiUle'l 
tbe  ivbole  central  load  (if  any),  or  if  otherwise  distributed,  it 
luuBt  bo  reduced  to  an  equivalent  central  load. 

(780.)  Tbo  application  of  those  rules  may  bo  illustrated  iiy 
au  cxamiile: — say  wo  have  a  beam  of  English  Oak  12  iiiclji- 
deep,  G  inches  wiile,  20  feet  long  between  supports,  ond  ne 
require  the  height  from  which  a  weight  of  5  ewt.,  or  SfiO  lb?-. 
must  fall  to  strain  the  beam  to  ^th  of  tbe  breaking  strain. 

First  wo  have  to  find  tbe  inertia  of  tho  beiim  from  it? 
weight:— wc  have  I  X  i  X  20  =  10  cubic  feet,  and  by  col.  •2t>f 
Table  150,  48-4  x  10  =  481  lbs.  for  the  weipht,  the  inertia  is 
therefore  242  Ihs..  and  taking  the  value  of  r  at  2'Oi  from  col,  0 
of  Table  67,  we  get  by  Eule  (782)  r— 


12  > 


)  X  2-04  X  (242  +5C0) 


500" 


7- CI   inches  i 


To  find  tho  height  of  fall  to  break  the  beam  with  tho  e 
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falling  weight,  we  obtain  the  value  of  B  from  col.  5  of  the  same 
Table  =  78  *  4,  and  h  becomes 

12x6x20x78-4x(242  +  560)  ^288-7  inches, 

560*  •  X  uu    , 

or  24  feet : — Whence  the  ratio  of  the  breaking  and  safe  heights  is 
288-7  4- 7-51  =  38-4  to  1,  as  in  coL  9:  see  (825). 

(787.)  To  vary  the  illustration,  say  that  the  beam  was  loaded 
with  a  central  dead  weight  of  10  cwt.,  or  1120  lbs.,  adding 
which  to  the  inertia  of  the  beam  itself  we  obtain  I  =  1120 
+  242  =  1362  lbs.,  and  for  ^th  of  the  breaking  strain,  h 
becomes 

12x6x20x2-04x(1862  +  560)  ^  jg  inches  Ml. 

whereas  when  unloaded  the  fall  was  7*51  inches  only  (800). 

If  the  extra  load  of  10  cwt.  had  been  equally  distributed  all 
oyer  the  length  of  the  beam,  it  would  have  been  equivalent  to  a 
central  load  of  5  cwt.,  or  560  lbs.,  hence  I  would  be  560  +  242 
=  802  lbs.,  and  h  becomes 

12x6x20x2*04x(802  +  560)  ^  ^2.75  inches  Ml. 

560* 

(788.)  The  three  rules  in  (783),  Ac,  by  which  d,  6,  and  d  x  6 
are  respectively  determined,  are  difficult  in  application,  because 
the  inertia  of  the  beam  depends  on  the  dimensions  which  are 
unknown,  but  we  can  assume  dimensions  and  solve  the  question 
by  repeated  approximations  to  any  desirable  degree  of  accuracy. 
Say  we  require  the  dimensions  of  a  beam  of  Elm  15  feet  long 
to  bear  s^ely  a  weight  of  8  cwt.,  or  896  lbs.,  falling  12 
inches.  We  will  assume  the  dimensions  at  12  inches  square, 
hence  the  beam  contains  15  cubic  feet,  weighs  by  Table  150, 
36-65  X  15  =  550  lbs.,  its  inertia  550-4-2  =  275  lbs.;  the 
valne  of  r  from  col.  6  of  Table   67  is  2*13,  and  the  rule 

(786)  wiUnow give  d  x  6  =  ^^  x  2a3  ^275  +  896)  =  '''^ 

and  4^257  =  16  inches  square,  instead  of  12  inches  as  we 
assumed.  But  16  inches  would  be  too  much,  because  the 
weight,  and  thereby  the  inertia,  would  be  greater  than  we 

2  E 
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usamod.  A§suiiiiiig  15  iuclies  square,  or  I  -25  feet,  as  a  soconil 
apprcximation,  the  weight  comoe  out  1-35  X  l"i!5  x  15  x 
36-15  =  847  IbB.,  heuoo  the    inertia    =  42-1  Ibs^   and  iJ  X  6 

booomoB  „        ,  fl^'^,.l^ -,  =  228,  and  ^"228  =  151 

IS  X  2-13  X  (424  +  836) 
inches  sqnare,  agreeing  sufficinntly  closely  with  the  etzea  we 
Bssnmed.  By  (821)  it  is  shown  that  the  beam  might  bo  of  any 
dimcusious  at  pleasure,  go  long  ns  d  X  b  =  22S ;  thus  it  might 
bo  14  X  16-3  =  228.  or  12  x  19  =  228.  &o.,  &o.,  ai  d  it  would 
bo  unimportant  whether  it  was  struck  by  the  falling  w^eight  in  the 
direction  of  its  greatest  or  least  dintmision,  as  ahuwn  iu  (824). 

It  will  be  observed  that  tboso  Bales  apply  only  to  beams  of 
rectangular  sections ;  the  following  apply  to  beams  of  all 
Bcotions,  but  are  not  so  facile  io  application  : — 


(7»».) 


_/.'xWx(I  +  i.) 


(-101  ,-     /('»  X  F.  y  .^  X  2^, 

In  uiiiih  W  =  a  given  Statical  weight  on  the  beam,  in  poundj:. 
l''i,  =  Flexure  or  detk*<;tion  ]iro<lueed  by  W,  in  inches. 

(«  =  fiilling  w.'ight,  iu  iiouuds. 

/<  ^  hiiglit  fiilkn  by  M7,  in  inches. 
/,  ~  t!ir\iiro  iu  inehos  produced  by  the  ini]>u]sc  of  rf. 

I  =  Inertia  of  the  beam  and  its  loail,  as  iu  (785),  &c. 

(701.)  Those  rnles  coanect  together  the  Ihwh  of  the  Staliciil 
aud  Dyuiimic  furccH,  enabling  us  to  reason  from  ono  to  tho 
other  ;^tliua  from  the  huown  stroiigth  aud  stiffness  of  a  Ix'aiu 
iif  any  form,  material,  mode  of  fixing,  Ac,  under  a  statical  loiul 
or  (kild  iveight,  ivo  tuay  ealcuhitc  tho  eCfect  of  an  impulBive 
strain  upon  it. 

Ah  an  iihtslration  of  the  application  of  these  rules,  we  may 
take  Mr.  Bevau's  cxperimeuta  in  Table  120:^they  were  made 
on  a  beam  whoso  inertia  or  half-weight  between  supports  was 
C3-5  lbs.,  a  deflection  of  1  inch  was  produced  by  a  dead  weight 
of  118  lbs.,  and  the  falling  weight  was  28  Ihs.     Tho  deflcctionE 
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produced  by  yarions  beiglits  of  fall  are  giyen  in  col.  2  and  as 
calculated  by  the  rule  in  coL  8.     Thus,  with  12  inches  fell, 

periment  it  was  1  *  25  inch. 

Table  120. — Of  Impact  on  Beam  of  Wood,  18  feet  long,  &c. 


Height  of  Fall : 
Inches. 


12 
24 
36 

48 

(I) 


Deflection:  Inches. 


By  £lxperiment 


1-25 
1-66 
2-35 
2-62 

(2) 


By  Calculation. 


1-180 
1-667 
2  042 
2-358 

(3) 


(792.)  Again: — say  that  we  have  a  beam  in  which  a  dead 
weight  of  400  lbs.  produces  a  deflection  of  1  *  2  inch,  the  inertia 
or  half-weight  between  supports  being  600  lbs.,  and  the  falling 
weight  200  lbs. ;  we  require  the  fall  to  produce  a  deflection  of 
say  2^  inches.     Then  by  Rule  (789) :— 

A  =  ^^jpL^S^9+m  =  20-8  inches  faU. 
1-2  X  200*  X  2 

It  will  be  obseryed  that  in  both  these  examples,  the  dimensions 
of  the  beam  are  not  given,  nor  are  they  required  by  the  rules  in 
(789),  &c. 

(798.)  But  these  rules  are  based  on  the  supposition  that  the 
elasticity  of  the  deflecting  beam  is  perfect,  or  that  the  de- 
flections are  strictly  and  simply  proportional  to  the  loads  even 
up  to  the  breaking  point ;  this  is  far  from  the  truth  with  cast 
iron  (688),  and  is  not  strictly  true  perhaps  with  any  material, 
although  sufficiently  so  for  practical  purposes,  with  wrought 
iron  and  steel  up  to  the  "  limit  of  Elasticity  "  (692).  This  will 
be  seen  by  comparing  Tables  121  and  122,  for  the  rule  in  (789) 
shows  that,  other  things  being  the  same,  the  fall  h  should  vary 
as  /o',  and  a  comparison  of  cols.  2  and  3  of  Table  121  shows  that 
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this  is  practically  tmo  for  wrought  iron,  but  a  similar  com- 
parieon  of  cols.  2  aud  3  of  Table  122  fihowB  that  tbc  dtiect  of 
eLutticity  in  cast  iron  eauBca  a  cousidcrablo  departure  from  the 
rale  (816). 

When/,  and  F^  have  the  same  valne,  this  Honrce  of  em 
eliminated,  and  even  when  they  have  nearly  the  Bame  value,  the 
rule  may  be  used  without  serious  error. 

(794.)  When  /,  is  equal  to  T^  that  is  to  say,  when  the  falling    ' 
weight  has  to  produce  the  same  defection  as  the  statical  or    \ 

Tablk  lai.— Of  ExpERMBNTa  on  Eesistakcb  nf  WanuoBT- 
Baiib  to  Impact,  showing  that  the  Power  ia  aa  the  Square  oi 
DoflcciioQ. 


,.«»,» 

W0Tkrt™byB^I 

a; 

i_ 

Drplh. 

I 

Hon. 

„tt. 

B 

li^^L 

UM 

|i 
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7417 

7  + 

■diiia 
iii'ii 

■  ts7'l 

■[Il!l2 
■||fJ7 
■1  litis 

US' as 
n.t'i 
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UM-4 

■i;ni'j 
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■imi 
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Table  122. — Of  Experiments  on  Impact  with  Cast-iron  Bars, 
1-53  inch  deep,  6-122  inch  wide,  13i  feet  long,  Falling  Weight 
603  lbs. 


Deflec- 
tion. 

Fall  in  Feet. 

Work  done  b^  the  Ball  In 
Foot-lba. 

0 

By  Ex- 
periment. 

Calculated 
a8  6>. 

CaltTUlated 
as  «»-•*. 

By  Ex- 
periment. 

Calcalated 
a8<*. 

Galcnlated 
as  «»-••. 

inches. 

n 

3 
4i 

6 

9 

(0 

-0638 
•2095 
•4063 

•6390 

•9040 

1 - 1994 

(2) 

•0638 
•2552 
•5742 

1-0208 
1-5950 
2-2968 

(3) 

•0638 
•1988 
•3866 

•6197 

•8915 

12050 

(4) 

38-47 
126-33 
245-00 

385-32 
545-11 
723  24 

(6) 

38-47 
153-88 
346-23 

615-52 
961-75  . 
1384-92 

(«) 

38-47 
119-9 
233-1 

373-7 

537-6 

726-7 

(7) 

/o*  X  W  .  /*  X  W 

dead  weight  W,  then        ^ is  equivalent  to  — — ^ or  to 

■■^0  Jo 

F  *  X  W 

-^-^ ,  therefore  to  Fq  X  W  simply,  and  the  rule  in  (789) 

■■^0 

becomes : — 
(795.) 


,  _  Fq  X  W  X  (I  +  fg) 


Say  that  we  have  a  girder  30  feet  long,  20  inches  deep, 
capable  of  carrying  safely  10  tons  in  the  centre,  the  weight  of 
the  beam  between  supports  being  2  tons,  hence  the  inertia 
=  1  ton,  and  let  the  falling  weight  ir  be  ^  a  ton.  We  have 
first  to  find  F,  or  the  deflection  produced  by  the  statical  weight, 

which  by  the  rule  in  (702)  will  be  d  =  ^^  ^^'^^  =  •  9  inch  :— 


20 


or 


7X2 

=  27  inches  fall  of  ^  a  ton  to  produce  the  same  deflection 


then   the    rule    (795)    becomes    ^  =  liA^-^J^Jli) 

13-5 

•5 

and  strain  as  the  dead  load  of  10  tons.    By  Bule  (789)  we 

,  ^  .    ,      -9^  X  10  X  (1  +  i)       12-16      o^  .    !_ 

obtain  h  = ^ fl      o        ^^  — ^ >-  =  27  inches,  as  before. 

•9  X  i*  X  2  '45  ' 

(796.)  Again:  a  beam  weighing  160  lbs.  between  supports, 

deflects  4  inches  with  a  dead  load  of  600  lbs.,  and  we  require 

the  height  from  which  50  lbs.  must  fall  to  produce  the  same 
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deaection.     The  inertia  being  160  -H  2  =  80  lbs., 

ixm  X  {80i_50J  ^  g2.4  inches  faU  meosurea  from  tb.  I 

50'  X  2  1 

point  to  which  the  beam  is  deflected  (775),  therefore  62-4 —4  J 

=  38-1  inches  from  the  level  of  the  nnloadod  beau. 

We  ehonld  obtain  the  same  resalt  in  this  case  (defect  c 
elasticity  not  interfering)  by  the  role  in  (789),  which  becomcBil 
J  =  13  6"»  X  (™  +  60)  ^  uj.j  i„„k„,^  „  irf^ 

4  X  50'  X  a 

(797.)  "  Impart  on  Cast-iron  Beams." — Wo  may  cwmbine  tha  ' 
laws  of  defluctiun  for  caet-iron  girders  with  those  of  impact,! 
as  to  obtain  simple  general  rales  speoially  applicable  to  the  two   j 
most  important  loads,  namely,  the  safe  and  breaking  weights. 
Lot  W  =  the  statical  or  dead  load  on  the  centre  of  a  girdar, 
in  Tons  or  Iba. 
Iff  =  the  dynamic  or  falling  weight,  in  the  some  terms  1 

asW. 
li  =  ttic  lieiglit  fttllon  by  w,  in  inches. 
d  =  depth  of  the  ginlur,  in  iuches. 
L  =  Length  of  the  ginier,  in  feet. 
M  =  Multiplier,  or  -02  for  safe   loiul,  and  -0785  for 

breaking  weight  (Tabic  64). 
I  =  Iiicrtift  of  the  beam,  or  half  tlio  wcii;ht  between 
Kupportx,  ill  tho  same  terms  as,  W  and  te. 


Wo  then 

Lav 

0  tlie  Eules 

:— 

(79S.) 

*  =  ''-^ 

M  X  W 
d  X  rH 

X  (I  +  .r) 

(759,) 

.  =  «x 

M  X  W 

"  i  X  »' 

X  (I  +  .r) 
X  2 

Tukiiig  \W 

san 

,c«,,l,plo. 

>B  in  (705 

Owel..,o 

„  =  "» 

■  X 

■02  X  10  X 
"ao  X  i-  X 

(1+i) 
2 ' 

.-».27i„,„ 

fall 

f.ir  Kttfu  Rtn. 

in  1 

m  Iiuforo. 

If  we  required  the  full  t 

■.1  hreak  tlic  lioam,  w 

e  may  fi 

.nd  it 

by 

the  Bame  n 

jIc, 

observing 

that  tkn 

breaking 

weight 

wiU 

be 
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30  tons,  and  M  =  -0785,  then  h  =  S^  X -OTSS  x  30  X  (1 +i) 

20  X  i*  X  2 
=  818  inches,  or  26j^  feet  fall,  to  break  the  beam;  being  11*8 
times  the  fall  which  would  strain  the  beam  to  one-third  of  the 
breaking  weight  (825). 

(800.)  *' Effect  of  a  Dead  Load  on  a  Beam  stibfeeled  to  Impact*^ — 
In  beams  snbjected  to  impact,  there  are  two  contrary  results 
produced  by  a  dead  load.  The  first  effect  is  the  obvious  one, 
that  being  deflected  by  the  dead  weight  before  receiving  the 
blow,  the  falling  weight  has  less  work  to  do  in  breaking  the 
beam,  or  in  producing  any  given  strain,  therefore  the  height  of 
fall  with  a  given  weight  or  the  falling  weight  with  a  given 
height  will  be  less  as  the  dead  load  is  increased.  But  the  other 
result  is,  that  the  inertia  of  the  dead  load  being  added  to  that  of 
the  beam  itself,  the  resistance  to  impact  is  increased,  and  the 
height  fallen  or  the  falling  weight  increases  as  the  dead  load  is 
increased.  The  question  becomes  thus  rather  complicated,  and 
requires  investigation. 

(801.)  Taking  the  same  spring  as  before  (775),  Fig.  186,  which 
deflected  1  inch  per  pound  of  statical  load,  we  will  now  observe 
the  effect  of  loading  it  before  impact  with  varying  amounts  of 
dead  load,  the  weight  of  the  beam  itself  being  still  for  the  sake 
of  illustration  taken  as  nothing.  Say  that  the  maximum  strain, 
or  that  which  breaks  the  beam,  is  9  lbs.  dead  weight,  deflecting 
the  beam  9  inches : — then  if  unloaded,  a  weight  of  1  lb.  must 

fall  by  the  rule  (789)  or  h  ^ />' ^  W  x  (I  +  «>)    ^ 
^  ^      ^  FoXi(^x2 

j: —^ — ^ — -  =  40  •  5  inches.     Then,  having  found  that  a 

9  X  1'  X  2  '  o 

weight  of  1  lb.  falling  40*5  inches  deflects  the  unloaded  beam 

9  inches,  we  will  observe  the  flexure  which  that  weight  falling 

always  the  same  height  will  produce  in  the  loaded  beam.  Thus, 

say  we  have  a  dead  load  of  4  lb.  producing  4  inches  deflection 

before  impact,  we  then  by  Bule  (790)  obtain 

•^0  "\/( 9  X  (4^+1)^    )  "  ^'^^  ""^^^  ^""^^ 

by  the  impulse  of  w  falling  40  *  5  inches  ;  but  the  beam  being 


in  our  case 
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preyionsly  deflected  4  inches  by  the  dead  load,  the  total  flexnrs 
is  4  +  4'02  —  8'02  inuhos,  irhercos  nben  uuloodc^d  the  euae 
weight  falliiig  the  some  height  deflet-ted  the  beam  9  ischoB. 
Calculating  in  this  way  tro  ebtoin  col.  5  of  Ttible  133,  and  it 
nill  bo  obecrred  tbat  while  the  flexure  produced  by  the  Impulse 
of  to  ifl  continuoQsly  reduced  by  incrensing  the  loud  nn  the  bettm 
nil.  4,  the  flexure  due  to  tbe  dead  weight,  col.  3,  is  coutiuuonely 
increased,  but  ia  a  difiereut  ratio,  the  rei^nlt  being  that  the  final 
combined  floiuro  or  straia  on  the  beam  ib  a  tninimam  when  the 
dead  load  plus  the  falling  weight,  or  I  +  if,  is  3  or  ^rd  of 
breaking  dead  loa<l ;  the  deflection  being  then  only  7-19  ini 
instead  of  9  inches  as  when  unloaded. 


1 


Table  123.— Of  tlie  Flexchk  proJuced  by  Impactt. 


f  tha^B 

i 


(SO-2.)  This  limy  be  further  illiiMrated  if  we  tak,>  tho  same 
spring,  null  tiiiil  tlie  height  of  fall  with  a  coiiBtwit  falling  weight 
of  1  lb.  to  prudiu'c  iilwnys  the  same  dcflectinii  of  9  ineh*.-s  with 
varying  dv.nl  loiuls.  Thus  with  a  dead  load  .if  21  lbs.  we 
hiive  2^^  inches  <lefIectiou,  leaving  9  —  2J  =  6.V  inches  to  be 
pniilii.-i^rl    by    impact,    the    height    of   fall   for    whicli   will    lie 

;,  .  5ii'<  '■'  =<  PS  +  1)  =   73-94    f„ch™,  wl,c,o»  »hon   „„- 

9x1x2 
loaded   the    fall    with    the   wmio   weight  and    deflection    was 
40-5  Jucht^s  only,  so  that  the  resistance  to  impact  has  been 
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increased  by  loading  the  beam.  The  cols.  6,  8,  10,  and  12  of 
Table  124  have  been  thus  calculated,  and  thej  show  that  resist- 
ance to  impact,  or  height  of  fall,  is  a  maximum  when  the  load 
plus  the  falling  weight,  or  I  +  ^^  is  3^,  the  breaking  weight 
being  9. 

(803.)  Engineers  have  been  guided  by  experience  to  fix  on 
^rd  of  the  statical  breaking  weight,  as  the  safe  statical  load  for 
ordinary  beams,  neglecting  usually  the  weight  of  the  beam 
itself,  and  it  is  remarkable  that  the  power  of  a  beam  to  resist 
impact  is  a  maximum  with  that  load.  But  this  requires  explana- 
tion, and  must  not  be  understood  to  mean  that  a  beam  loaded 
with  ^rd  of  the  breaking  load,  is  at  the  maximum  of  its  power 
to  resist  a  blow  from  an  extra  falling  weight  because  the  dead 
load  already  strains  it  to  the  safe  limit  assigned.  Take  the  case 
of  a  beam  whose  breaking  weight  is  9,  as  in  Table  124,  which 
would  have  3  assigned  as  the  safe  load,  but  say  that  when  loaded 
with  2,  the  rest,  or  1  falU  on  the  beam,  which  often  happens  by 
the  accidental  failure  of  a  rope,  &c.  Then,  if  we  admit  the 
weight  of  the  beam  between  supports  to  be  1,  its  inertia  would 
be  i,  hence  1  +  w  becomes  (2  +  J)  +  1  =  3J  when  by  col.  6 
of  Table  124  the  resistance  is  a  maximum,  h  being  73  *  94  inches. 

Again :  say  that  when  the  dead  load  is  1,  the  rest,  or  2  falls, 
then  I  +  uj  becomes  (1  -h  i)  +  2  =  8J,  when  by  col.  10  the 
height  h  -  24  *  61  inches  and  is  still  a  maximum. 

(804.)  It  will  also  be  found  that  a  factor  for  safety  less  or 
greater  than  ^rd  (or  f )  will  give  a  less  resistance.  Say  we 
adopt  ^  instead  of  f ;  then  if  when  loaded  with  ^  or  4  in  the 
Table,  the  rest,  or  1  falls  \  1  +  w  becomes  (4  +  i)  +  1  =  ^J, 
and  by  col.  6  the  height  of  fall  is  55  *  7  inches,  whereas  the  same 
weight  of  1  fell  73  *  94  inches  to  break  the  beam  when  the  factor 
was  ^  or  f .  Again ;  when  the  dead  load  is  3  and  the  rest,  or  2 
falls,  we  get  I  -h  M'  =  (3  +  i)  +  2  =  5i,  and  by  col.  10  the 
height  of  fall  is  20*8  inches  instead  of  24*61  inches  with  the 
same  falling  weight  of  2  when  the  factor  was  ^rd. 

If  we  adopt  a  lower  factor,  say  |  instead  of  f ,  then,  if  when 
loaded  with  1  the  rest,  or  1  falls,  we  get  (1  +  ?)  +  1  =  2j^  as 
the  value  of  I  +  ^j  ^^^  hy  col.  6,  the  height  of  fall  is 
70  *  31  inches  instead  of  73  *  94  inches  as  with  a  factor  of  ^rd. 
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(805.)  In  Table  125  are  giyen  the  results  of  Mr.  Hodgkinson's 
experiments  on  the  resistance  to  impact  of  bars  of  Cast  iron 
3  inches  square,  13j^  feet  long  between  supports.  To  obtain 
exact  da^  for  calculation,  precisely  similar  bars  of  the  same 
iron  were  subjected  to  experiments  with  a  dead  load,  the  bars 
being  strained  horizontally  so  as  to  eliminate  the  complicatioBS 
arising  from  the  weight  of  the  bar  itself.  The  mean  breaking 
weight  was  2865  lbs.,  and  the  ultimate  deflection  4*989  inches : 
to  obtain  the  deflection  with  smaller  weights  before  defect  of 
elasticity  (688)  became  considerable,  it  was  observed  that  with 
672  lbs.  the  deflection  was  •  633  inch  or  •  633  -r-  672  = 
'000942  inch  per  lb.  in  the  centre,  which  is  equivalent  to 

-  000942  X  I  =  -  00059  inch  per  lb.  distributed  all  over  the 
beam. 

(806.)  Taking  the  3rd  experiment  in  the  Table,  the  deflection 
due  to  the  weight  of  the  beam  is  376  X  *  00059  =  •  222  inch : 
that  due  to  the  central  weight  of  28  lbs.  is  '000942  X  28  = 

-  026  inch,  the  sum  is  •  222  + '  026  =  *  248  inch,  col.  6,  so  that 
the  flexure  required  from  impact  is  4*  939  —  *248  =  4*  691  inch, 
col.  7.  The  inertia  of  the  bar  is  376  -7-  2  =  188  lbs.,  which 
added  to  28  lbs.,  the  central  load,  gives  I  =  188  +  28  =  216  lbs., 
coL  4,  and  the  falling  weight  being  303  lbs.,  the  Bule  (789) 
,  .  4'69P  X  2866  X  (216  +  803)  p«  no  '  1, 
becomes   h  = 4.939  ^  303^  x  2 ^  =  ^^'^^  "^"^"«' 

col.  11 :  experiment  gave  42  inches,  col.  9,  but  the  last  observed 
fieJl  which  did  not  break  the  bar  was  39  inches.  Obviously  the 
fall  which  really  broke  the  beam  was  somewhere  between  39  and 
42  inches,  taking  it  at  a  mean  of  the  two  we  obtain  40^  inches, 
col.  10:  hence  we  have  36 -08 -7- 40 '5  ='891,  showing  a  dif- 
ference of  1-0 -•891  =  -109,  or  -  10 '9  per  cent,  col.  12. 
The    mean  difference  or  error  of   all  the  experiments  was 

-  4|  per  cent.,  ranging  from  +  24*4  to  —  80 '3  per  cent., 
showing  a  nearly  equal  divergence  in  both  directions. 

(807.)  **  Impact  out  of  the  Centre  of  Beams** — ^We  have  so  far 
considered  only  the  case  of  a  beam  struck  in  the  centre,  but  the 
same  reasoning  will  apply  to  other  cases ;  we  have  only  to  find 
the  load  out  of  the  centre,  and  the  deflection  at  the  point  of 
application,  and  the  resistance  to  Impact  B  will  be  ^  the 
product,  orB  =  Wx8xi,  as  before  (777). 
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Sav  we  take  the  case  of  a  bar  of  wrought  iron  1  inch  deep, 
4  inches  wide,  and  16  feet  long  between  end- bearings :  the  load 
in  the  centre,  straining  the  bar  to  the  '*  limit  of  Elasticity,'' 
with  Mt  =  2000  lbs.  (374)  by  Rnle  (824)  becomes  W  = 
1*  X  4  X  2000  4- 16  =  500  lbs.,  with  which  the  deflection  by 

T>  1    /^rcQN  1.             ;?       16»x  500  X '00001565      ^.    ,       ^ 
Rule  (659)  becomes  S  = 3 — ^ =  8  inches,  A, 

Fig.  190. 

By  the  Bnle  (650)  the  same  weight  of  500  lbs.  at  |,  l,  and  ^ 

span,  or  4  feet,  2  feet,  and  1  foot  from  one  of  the  props,  would 

give  with  ^  L  =  8  feet,  and  8  =  8  inches 

Inches 

deflection. 

8  (  1> 

at  4  feet  from  prop,  d  =  g,  x  U6  x  4)  -  4H  =  4-5 

at  2     „  „      d  =  |x  }l6  X  2)-2«|'=  1-531 


atl     „  „       d  =  ^;X  jl6xl)-P}  =  0• 
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(808.)  But  if  the  loads  were  all  proportional  to  the  strength 
at  each  point,  we  should  have  had  at  B  in  Fig.  190,  or  at  4  feet 
from  the  prop,  by  the  Rule  in  (420),  600  x  (8  x  8)  4-  (12  X  4) 
=  666*7  lbs.,  and  as  500  lbs.  gave  4*5  inch,  so  by  proportion 
666*7  lbs.  would  give  4*5  X  666*74- 500  =  6  inches  deflec- 
tion at  B.  Similarly,  at  C,  or  2  feet  from  a  prop,  we  should 
have  500  x  (8  x  8)  4-  (14  X  2)  =  1143  lbs.,  and  a  deflection 
of  1*531  X  1143  4-  500  =  3*5  inches:  and  finally  at  D,  or 
1  foot  from  a  prop,  we  obtain  500  x  (8  x  8)  4-  (15  X  1)  = 
2133  lbs.,  giving  a  deflection  of  *4395  X  2133  4-500  = 
1  *  876  inch. 

We  can  now  find  the  resistance  to  Impact  by  a  blow  at  A,  B, 
C,  or  D  in  the  figures,  by  simply  multiplying  the  load  at  each 
point  by  the  corresponding  deflection,  and  taking  ^  the  product, 
as  explained  in  (776).  At  the  centre  A,  we  obtain  500  X  8  x  ^ 
=  2000  inch-lbs. :  at  B,  or  4  feet  from  one  prop,  we  have 
666*7  X  6  x  i  =  2000  inch-lbs:  at  C,  or  2  feet  from  a  prop, 
1143  X  3*5  X  i  =  2000  inch-lbs. :  and  at  D,  or  1  foot  from  a 
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prop,  2133  X  1-875  x  i  =  2000  incb-lbB..  being  tLns  preoiselj 
the  same  in  all  the  /our  cmci.  Wo  haYO  here  neglected  tlie 
Inertia  duo  to  thu  n'oigUt  of  tho  bcani,  the  effect  of  wliich  is  to 
disturb  perfoct  equality,  as  bUowh  in  (811). 

(809.)  From  tliU  wo  find  that  while  the  eafe  load  i 
with  the   distanco   from   the   ceotrc,  the  defli-ctiun  with   tha|| 
increased  load  is  reduced  in  (exactly  tho  eatue  ratio,  eo  that  tl 
product,  or  W  X  !,  is  everywhore  constant.     Tho  same  fai 
shown  by  ooL  6  of  Tablo  lOi. 

Tho  result  is,  that  the  power  of  a  bisam  to  rosiet  Impact  U 
same  at  whatever  part  of  the  length  it  is  struck :  that  is  to 
a  given  weight  which  falliiig  on  the  centre  from  a  ccrtuin  heigl 
will  break  the  beam,  or  strain  it  to  a  given  fraction  of  t' 
hroaking  weight,  will  have  tho  same  cffoct  at  auy  other  point  in 
the  length. 

This  remarkable  result  has  been  confirmed  by  experiment,  as 
ahuwn  bj  Table  126.  Mr.  Hodgkinaou  found  that  a  bar  of  cut  i 
iron  1  inch  square  and  4  feet  long,  struck  horizoutolly  at  the 
ei'iitio  by  a  ball  of  20^,'  lbs.,  acting  as  a  peuduluiu  with  a  mdine 
..f  1-2  foot,  required  a  fall  through  a  chord  of  C  feet  to  break  il  : 
and  two  similar  b;irs  struck  at  \  span,  or  midway  betweou  the 
fciitri'  aiid  one  sujiport,  hroko  with  tho  same  fall  precisely. 

(.SIO.)  Let  Fig.  205  rqm'sent  the  ennc:  it  is  an  axiom  that 
the  velocity  at  V  acipiircd  by  a  l>o<ly  falling  by  gravity  sayfrom 
Q,  is  the  same  wlu'lliur  the  body  falls  through  the  are  Q,  V,  or 
verticiiUy  through  tho  height  X.  V,  itc.  If  we  take  thonls 
1,  2,  3,  as  in  tlio  figure,  the  vertical  heights  are  in  Iho  ratio 
1.  4,  9  ns  shown,  and  as  the  Tcloeities  are  proportional  lo  the 
square-roots  of  the  heights  we  liftve  Velocities  of  \'l  =  1, 
V  1  =  2,  and  ■v'TF  =  3  ;  that  is  to  siiy,  Iho  velocities  arc  simply 
as  tlicelioi-ils,  and  tho  vertical  heights  as  the  siiua re-routs  of  the 
chords ;   hence  wo  have  the  Kule 

(HU.)  /(K  =  C,.'-^(n,.  X  2). 

In  which  R,.  =  the  radius  of  the  pendulum;  Cp  =  the  ehor.1 
fallen  through,  and  l,-  =  tho  corresponding  vertical  full,  all  in 
tho  saiLio  terms  (feet  or  inches):  thus  in  our  case  h,  =  d' -l. 
(12  X  2)  =  1  ■  5  foot,  as  iu  col.  «  of  Tahio  12U. 
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In  calculatiDg  the  effect  of  blows  at  the  centre  and  elsewhere, 
perfect  equality  will  be  disturbed  by  the  Inertia  of  the  bar 
(781) :  with  the  1-inch  bar,  the  weight  between  supports  being 
11-2  lbs.,  the  Inertia  I  =  11-2^2  =  6-6  lbs.,  and  by  Rule 

/7Q0X             Kf  •      1.       1  X  1  X4x  81  X  (5-6 +  20-75) 
(782)    we    obtain    h  =  ^^^ '-  = 

19  *  8  inches,  or  1  -  65  feet,  as  in  col.  8.     When  struck  at  ^  span, 
I  becomes  5*6  x  2  =  11*2  lbs.,  and 

-     Ix  1  X4x  81  X  (11-2  +  20-75)      „,  .    ^ 
h  = 20 -75* "^       inches, 

or  2  feet,  &c. 

With  the  3-inch  bars,  the  weight  of  the  bar  between  supports 
=  186  lbs.,  hence  when  struck  at  the  centre  I  =  93  lbs.,  and 

T>  1     /TQON     •         i        3  X  3  X  6-75  X  81  X  (93  +  603) 
Rule  (782)  gives    h  = ^^ ^^ — :l 1  = 

9  •  42  inches,  or  •  785  feet.    When  struck  at  J  span,  1  =  93x2 

=  186  lbs.,  and  h  =   3  x  3  x  6-76  x  81  X  (186  +  603)  ^ 

oUo 
10-67  inches,  or  '8898  feet,  &c. 

Table  126. — Of  Experiments  on  the  Ultimate  Resistance  of 
Cast  Iron  to  Impact,  when  struck  at  the  Centre  and  at  J  Span. 
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(812.)  "Semttance  lo  Impact  m  Defleclion  Sqjutred." — With 
beams  wh»se  elasticity  is  perfect  tlie  etatical  or  dead  loads  iind 
the  oorroB]>oadiiig  deflectionB  are  simply  proportional  to  eacii 
otter,  tliQS,  doflectione  1, 2, 3,  &c.,  require  loads  1,  2,  3,  &c.,  but 
the  dyuami);  or  falling  weights  rt©  proportional  to  the  deflection 
eqimred.  Thus  deflections  1.  2,  3  require  with  the  same  fnll, 
weights  in  tbe  ratio  1",  2',  3',  or  1,  4,  9,  &o.,  for  obviously,  us 
the  poii<er  roquirod  to  bond  a  beam,  or  B,  is  proportional  t.)  the 
deflection  mnltipliod  by  the  wcjight  producing  it,  or  to  8  X  W, 
it  follows  that  with  statical  weights,  1,  2,  3  iind  corresponding 
deflections  in  the  ratio  1,  2,  3,  fi  X  W  bocomos  1x1  =  1: 
2x2  =  4:  and  3x3  =  9,  &a.,  or  as  the  deflection  squarwl. 
Oonvorsoly  when  the  fikUiug  weight  is  constant,  the  height  of 
fell  is  in  the  ratio  of  deflection  squared ;  this  is  provoil  to  be 
true  eipprimentally  by  Tablo  120,  deflections  of  1  ■  25  and 
2 '62  inches,  which  are  in  the  ratio  1  to  2  nearly,  reqain>d  falls 
of  12  and  48  inches,  which  are  in  the  ratio  1'  to  2*  or  1  to  4. 

(813.)  In  the  caao  (775)  and  Fig.  186,  in  which  the  defleotioa  " 
ifi  tlirMiit,'liniit  1  imli  [HT  i>imii.l  fill-  111,;  f-t;ili(Ml  v.-^'i'^U^' 

\  -1  3  i  ^  6  7  »  [I  II)  Hid, 

the  power  is  resjiectivcly 

i  2  4i         8         m       IS         24i       32         4(ii  ,11) 

inch-lbs.,  mid  for  each  succossiTC  inch 

i  IJ         2}         ^i         4i         5i         (!i         7i  Si  '.>i 

inch-lbs.  While  therefore  1  lb.  staticnlly  prralnccs  1  inch  deflec- 
tion throughout,  the  firet  inch  takes  h  inch-lb.  only  dyuainically, 
and  the  last,  'J^  iuclt-lbs.  It  is  apparently  an  anomaly  that  the 
last  inch  dcflectiim  roqnires  OJ  ineh-lbs.,  and  yet  that  it  is  pro- 
duced by  the  addition  of  1  lb.  falUng  1  inch,  and  it  is  still  mure 
remarkable  because  the  dynamic  effect  of  the  laltor  is  only  J  an 
inch-lb.,  for,  as  in  the  first  inch  ao  with  the  last,  the  me-iH  weight 

during  the  I-iuch  fall  is  —    -    =  Mneh-lb.     But  it  should  be 

observed  that  while  tho  addition  of  the  first  pound  hail  no  other 
efi'cct  than  to  yield  the  },  ineb-lb.  due  U>  it,  the  additkni  of  the 
last  pound  bad  also  the  tflect  of  csusing  the  0  Ibi-.  with  which 
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the  beam  was  already  loaded  to  descend  1  inch  with  the  full 
nniform  weight,  thus  yielding  9  inch-lbs.,  which  added  to  the 
^  inch-lb.  due  to  the  weight  itself,  makes  the  total  dynamic 
weight  =  9^  inch-lbs.  for  the  last  inch,  as  before  stated. 

(814.)  The  power  to  deflect  the  beam  from  0  to  9  inches,  as 
shown  by  (801),  being  40^  inch-lbs.,  and  from  0  to  5  inches 
12^  inch-lbs.,  it  follows  that  to  increase  the  deflection  from 
5  to  9  inches  will  be  40^^  —  12^  =  28  inch-lbs.,  or  the  same 
result  as  in  (813). 

Table  121  gives  the  results  of  Mr.  Hodgkinson's  experiments 
on  the  resistance  of  wrought-iron  bars  to  impact:  comparing 
cols.  4  and  5  it  will  be  seen  that  the  height  of  fall  is  practically 
as  the  square  of  the  deflection,  as  due  by  theory. 

(815.)  The  imperfect  elasticity  of  cast  iron  causes  a  consider- 
able divergence  from  the  rule,  as  is  shown  by  Table  122,  which 
gives  the  result  of  similar  experiments  on  cast-iron  bars :  com- 
paring cols.  2  and  3,  or  5  and  6,  it  will  be  seen  that  the  experi- 
mental fall  in  col.  2  or  the  power  in  coL  6,  is  in  a  much  lower 
ratio  than  S^,  the  difference  being  due  to  defect  of  elasticity 
(688).  The  ordinary  rule  supposes  that  the  deflections  are 
simply  proportional  to  the  statical  loads,  but  col.  4  of  Table  108 
shows  that  this  is  not  even  nearly  true  of  cast  iron,  the  deflec- 
tions increasing  with  successive  56  lbs.  from  *  8754  inch  with 
the  first,  to  1  *  157  inch  with  the  last. 

Say  for  illustration,  that  we  had  a  material  in  which  defect  of 
Elasticity  was  such,  that  to  produce  deflections  1, 2,  3,  required 
loads  1,  1^,  and  2,  respectively,  instead  of  1,  2,  3,  as  due  with 
perfect  elasticity.  ThenS  x  Wbecomesl  x  1=1:  2  x  H  =  3: 
and  3x2  =  6:  we  thus  obtain  the  ratio  1,  3,  6,  instead  of 
1,  4,  9,  which  is  that  of  the  square  of  the  deflection. 

(816.)  Comparing  the  first  experiment  in  Table  122  with  the 
last,  the  deflections  being  in  the  ratio  1^  to  9,  or  1  to  6,  the 
vertical  fall,  or  the  work  done  by  the  feJling  ball,  should  be  as 
6'  or  36  to  1,  but  experiment  gave  1 -1944 -7-' 0638  =  18*8 
to  1,  which  is  in  the  ratio  of  the  1  *  64  power  of  the  deflection, 
or  5^'^  instead  of  S^.  Thus  in  our  case  the  ratio  of  the  deflec- 
tions was  1  to  6,  and  the  log.  of  6  =  *  788 :  the  ratio  of  the 
work  done  in  producing  the  deflections  =  1  to  18  *  8,  the  log.  of 

2  F 
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which  =  1  •  274 :  then  we  obtain  1  ■  274  -^  ■  778  =  1  ■  638,  aoy 
1 '  64  =  tho  power  of  the  dcfiection  to  which  the  work  dono  is 
proportional.  Cols.  4  and  7  were  calculated  by  tliat  ratio, 
taking  the  experimental  namlterB  for  I^  inch  deflcctiDn  as  a 
boeiB.  It  should  be  observed  that  tho  difference  between  S'  ^  and 
S'  IB  so  great  as  to  double  the  work  with  deflections  in  tho  ratio 
1  to  7,  for  7'"  =24-3  and  T  =  49  or  about  double. 

(817.)  '■  Effect  of  Inertia  nut  drntanC—The  inertia  of  the 
beam  and  its  load  is  most  inflaentiol  wlicn  the  falling  weight  is 
light  in  proportion  thereto.  If  tho  beam  were  nnloaded,  and 
itself  without  weight,  it  would  be  quite  immaterial  what  the 
falling  weight  might  be  so  long  oe  the  fall  multiplied  by  that 
weight  was  constant:  thus  100  lbs. falling  10  feet  would  produee 
the  same  effect  in  straining  the  beam  ae  10  lb.  foiling  100  feet, 
tea.  But  this  is  not  tme  wbea  tho  inertia  of  the  beam  and  its 
load  is  considered :  say  that  we  have  a  beam  whoae  inertia,  or 
hftlf-weight  between  sapports  =  1000  tbs^  and  we  require  the 
heigbts  from  which  weigbta  of  1.  10,  and  100  lbs.  must  fnll 
fo  proiliico  one  imd  tho  same  deflection.  Of  course  if  the  inortiH 
was  nothing,  tliose  heiglits  would  bo  invoreely  proj>ortioiinl  to 
Iho  weights  simply,  or  100, 10,  and  1. 

Wo  require  only  proportional  numters,  and  may  take  from 
(782)  /(  =  (I  +  tr)-^  (d',  which  becomes  in  our  oasee  {1000  +  1) 
-M-  =  in01;  (1000  +  10)-^10'  =  10-1;  and  (1000  +  100) 
+  100'  =  'll  respectively,  or  nearly  in  the  ratio  100,  1,  and 
i'„tli,  instead  of  100, 10,  and  1,  as  with  a  boom  whoso  inertia  was 
iintbing. 

Tho  Mechanical  ■poicer  R,  required  to  bend  a  beam  being  by 
(780)  equal  to  lo  x  A,  and  h  being  proportional  to  (I  +  ic)  +  ic', 

H  c  hiivo  the  ratio  of  the  power  E  =  1 1  +  tr)  +  u^  [  X  ic,  or 

(818.)  i:  =  (i+«.)  +  <^ 

which  in  our  three  cases  becomes  (1000  +  1)  +  1  =  1001 ; 
(1000  +  10)  +  10  =  101 ;  and  (1000  +  100)  -^  100  =  11 
respectively,  which  agrees  with  tho  preceding  ealculutinns  of 
the  heights  of  fall  with  weiglits  of  1,  10,  and  100  lbs.  falling 
1001,  10-l,andO-ll,  the  products  of  tho  weight  by  the  height 


IMPACT  ON  WBOUGHT-IBON    BABS :  EFFBOT  OF  INEBTIA.    435 

becoming   1001  X  1  =  1001;  10-1  x  10  =  101 ;  and  Oil  X 
100  =  11  respectively. 

(819.)  The  experiments  of  Mr.  Hodgkinson  in  Table  127, 
show  very  clearly  that  the  resistance  of  inertia  is  most  influential 
with  light  falling  weights : — for  instance,  for  1^  inch  deflection, 
with  the  first  bar,  the  work  done  by  the  three  falling  balls  of 
the  respective  weights  7%  161  J,  and  603  lbs.  is,  167-127; 
104*015;  and  63*978  foot-pounds  respectively,  whereas,  but 
for  the  inertia,  all  three  would  have  been  alike.  The  same  bar 
was  previously  deflected  1  *  547  inch  by  a  central  Statical  weight 
of  784  lbs.,  hence  IJ  inch  deflection  would  require  784  x  1*5 
4- 1  -547  =  762  lbs.,  the  power  R  being  thus  762  x  IJ  X  i  = 
571*5  inch-lbs.,  or  571•5-^  12  =  47-62  foot-pounds.  The 
inertia  of  the  bar,  or  half-weight  between  supports,  being 
186  lbs.,  the  rule  (818)  or  B.  =  {1  +  w) -r- Wj  becomes  with 
w  =  75ilbs.,  R  =  (186  +  75i)-f-  75^  =  3 -464  times  the  power 
with  no  inertia,  therefore  in  our  case  47-62  x  3  *  464  =  165  foot- 
lbs.  :  experiment  gave  167  *  127.  With  w  =  151^  lbs.,  we  have 
R  =  (186  +  151*25)  X  47*62-7-151-25  =  106 - 2 foot-lbs. :  by 
experiment  104*  15.  With  w  =  603  lbs.,  R  =  (186  +  603)  x 
47-62  -r  603  =  62-31  foot-lbs.,  and  by  experiment  63-978,  &c. 

These  calculations  prove  that  the  great  differences  shown  by 
the  ^experiments  are  confirmed  by  tiieory ;  and  also  that  the 
resistance  of  beams  to  impact  may  be  calculated  accurately  from 
the  deflections  with  statical  weights. 

(820.)  If  we  had  not  known  by  direct  experiment  the  stiffiiess 
of  the  particular  bar,  we  might  have  obtained  nearly  the  same 
results  from  general  rules.  Thus,  the  statical  weight  to  produce 
1^  inch  deflection  in  our  wrought-iron  bar  with  L  =  13  *  5, 
d  =  1-515,  6  =  5-523  by  the  rule  in  (662),  namely  W  = 
{d^  Xh  X  8)-T-(L'  X  C),  in  our  case  becomes  (1-515*  x  5-523 
X  1-5) -4- (13*5'  X  -00001583)  =  739-7  lbs.:  hence  R  or 
W  X  8  X  i  becomes  739-7  X  li  X  i  -=-  12  =  46-23  foot-lbs. 
Then  with  w  =  75^  lbs.,  we  get  R  =  (186  -h  75-5)  x  46-23 
-^75-5  =  160*1  fooUbs. :  with  u>  =  151i,R  =(186  +  151-25) 
X  46  -  23  -r  151  *  25  =  103  *  1  foot-lbs. :— and  with  603  lbs.  R  = 
(186  +  603)  X  46-23  -T-  603  =  60-49  foot-lbs.,  &c.,  being 
nearly  the  same  result  as  we  found  before  with  data  derived  by 
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direct  experiment    with  a  statical   neight   on  the  particnlar 
bar.     The  valuo  of  C  nu  token  from  a  special  eipeiimenL 

Tabi.e  127. — or  GiPERiMBHTS  on  BEeisTANCB  of  WitoDaaT^iRoa 

Baks  to  Impact,  showing  that  the  Inertia  oftbe  Bar  ia  most  infln- 
entinl  with  Light  Falliug  Weights. 
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(821.)  "  iicsiVuBcc  lo  Impact  ag  the  Weight  of  lie  lii'am 
nrnplff." — Tho  Rnle  (780)  shows  that  tr  x  h,  or  the  power  of  n 
beam  in  resisting  Impact  is  proportiucal  to  d  x  b  x  h:  noiv 
obviouelj  thoBU  tlirco  dimeueions  multiplied  into  each  other  givu 
tho  cubic  caiiacity  of  tho  boam,  and  thereby  tbo  iccighl  between 
KUpportB,  so  tlint  suhstitnting  W,„  tho  weight  of  the  beam  in 
lbs.,  for  d  X  h  X  1>,  we  have  tho  rule  w  x  A  =  W,,  x  Mb-  1" 
which  M„  is  a  Mnltiplier  adapted  to  tlio  case.  But  II  =  (c  x  ft, 
friim  which  wc  find  that  with  any  given  material,  the  i-esihtiinw 
iif  i'(jctungular  beams  to  Impact,  It,  will  be  simply  proiwrtional 
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to  the  weight  of  the  beam  between  supports,  and  may  be  found 
without  knowing  any  of  the  dimensions.  Thus  in  Table  128, 
we  have  in  col.  4  Uie  weight  of  bars  of  very  different  sizes, 
varying  from  384  to  15  lbs.  Now,  taking  the  value  of  Mb 
approximately  =  2,  the  rule  to  x  h  =  Wb  X  Mb  gives  the 
results  in  col.  8,  agreeing  remarkably  with  experiment,  col.  7, 
although  two  important  matters  were  neglected,  namely,  the 
resistance  of  Inertia,  and  the  variation  in  strength  with  different 
sizes  of  cast;  iron  (931). 

Table  128. — Of  the  Ultimate  Resistance  of  Cast-iron  Bars  to 
Impact,  showing  that  it  is  as  the  Weight  of  the  Bar  simply. 


No  of 

Length 

Depth. 

Breadth. 

Weight 

of  Bar 

between 

Supports. 

Weight 
ofBaU 
in  Lbs., 

Vertical 
Descent 
OfBaU 
in  Feet, 

h. 

Work  done  by  the 

Falling  Ball  to  Break 

the  Bars  «oxA. 

Exprximent 

EzperUnent. 

CoL4 
X  2. 

1 
2 
3 

4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 

feet. 
13* 

n 

n 

9 

»» 
»♦ 

»» 

♦» 

H 

»♦ 
»» 

0) 

inches. 
3 

IJ 
6 

3 

H 

2 

n 
»» 

»f 
n 

1 

2 

1 

(3) 

inches. 
3 
6 

I' 

6 
2 

n 
n 

n 
n 

2 
2 

« 

1 

(3) 

lbs. 
378 
381 
384 
192 
186 

111 
108 
108 
106 
106 

57 
54 
54 
15 

(4) 

603 

M 
>l 

>» 

151} 
603 
151} 
75* 
151} 

75} 
75} 
603 
75} 

(6) 

1-238 
1-207 
1-270 
0-639 
0-5521 

1-964 
•3159 
1-2856 
3  0506 
1-4130 

1-4334 
1-925 
0-1704 
0  5469 

(«) 

746 
728 
766 
385 
333 

297 
190 
194 
230 
214 

108 
145 
103 
41-3 

0) 

756 
762 
768 
384 
372 

222 
216 
216 
212 
212 

114 

108 

108 

30 

(8) 

(822.)  We  have  now  to  find  the  correct  yalne  of  Mb*  With 
a  falling  weight  the  power  exerted  =  to  x  h,  or  the  fedling 
weight  w  multiplied  by  the  height  of  fialL  The  resistance  of 
the  beam  to  this  force,  as  we  haye  seen  (777),  is  8  X  W  X  i, 
which  is  also  the  value  of  B : — therefore  toxArSxWx^,  and 
B,  have  all  one  and  the  same  value. 

By  col.  5  of  Table  67,  the  value  of  B  for  a  Standard  bar  of 
cast  iron  1  inch  square  and  1  foot  long  =  81  inch-lbs. :  now, 
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the  weight  of  this  bar  between  supports  by  Table  151  is 
•2656  X  12  =  3  lbs. :  hcntfi  the  value  of  B  in  iuch-lbs.  will  be 
given  by  tho  Rnlc  R  =  Wb  X  27,  or  in  our  case  R  =  3  x  27  = 
81  inofa-lbs. :  for  fooUlbe.  the  Rule  bocomee  R  =  3  x  2-  26  = 
6 '75  foot-lbs. 

Applying  tbe  two  correctiooa  for  Inertia  and  thicknesB  of 
(tasting,  we  obt&in  the  Rule : — 

(833.)  E^W;J11J1_M.X  (!  +  ..).  ^ 

In  which  Wb  =  tho  weight  of  tlie  beam  between  supporte,  in 

lbs. 
10  =  the  fulling  weight,  in  lbs. 
e  =  the  Multiplier  for  thieknesE  of  casting,  as  in 

(931). 
Mb  =  27  for  R  in  inch-lbe.  with  cast-iron  bars ;  and 

3-26forfocri-Iba. 
I  =  the  Inertia  of  the  bar,  or  J  weight  between 

Slip  ports,  ill  lbs. 
R  =  Ultimate  resilieiice,  in  inch-lbs.,  or  foot-lb?., 

(leptiiiling  ou  Mn- 

Taking  from  (031)  the  cxperimeatnl  vttluo  of  Mo  for  S-incb, 
2-inch,  and  1  uieh  hnra  at  '611)5,  "7184,  anil  1-0  rospeetivdy : 
for  tfiieriincnt  No.  1  in  Table  128,  wo  got  for  3-iiit-h  liars 
R  =  J78  X  2  2.5  X  -Gl'jr,  x  (189  +  G03) -^  603  =  6'J-2  fool- 
lbs.  .  LSpenmont  g.'ivc  7-16.  The  2-inch  bars.  No.  7,  give  It 
=  lOS  X  2-25  X  -7184  x  (54  +  G03)  ~  603  =  190-2  Ihs.: 
ospcriment  gave  190  lbs.  Tlie  1-iudi  barn,  No.  4,  give  R  = 
16  X  2-25  X  1  X  (7-5  +  75-5)  ~  75-5  =  37-1  foot-Ibs.- 
cipcriraent  gave  41-3  font-lhs.,  &c. 

Tho  effect  of  size  on  tho  Rvsiiienco  may  bo  shown  elenrly  by 
the  reduced  oxpcrinients  on  1,  2,  aiul  3-iiich  bars  in  Table  llfi: 
thus  by  cols.  5  and  G,  the  ultimate  value  of  It  for  l-iiich  liars 
by  Rule  (777)  is  R  =  ■  0879  x  1980  x  i  =  97  :  for  the  ndm-d 
2-iiicli,  R  =-07048  x  1372  X  i  =  i'i'a'i:  for  the  reduced 
3-inch,  R  =-07G17  x  1342  X  4  =  51,  which  is  anomalous, 
being  greater  than  the  2-ii:ch  (932). 
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Bule  (823)  must  not  be  applied  to  beams  of  all  sections :  for 
instance,  the  X  girders  in  (342)  and  Figs.  71, 72,  are  similar  in 
section  and  therefore  in  weight.  But  when  broken  with  the 
flange  uppermost  W  =  1120  lbs.,  and  8  =  5  inches,  hence 
B  =  5  X  1120  X  i  =  2800  inch-lbs. ;  with  flange  downwards 
W=  364, 8  =  1- 138,  and  B  =  1  •  138  x  364  x  i  =  207  inch-lbs. 
Hence,  so  far  from  being  alike,  or  simply  as  the  weight,  we  have 
the  ratio  13i  to  1  •  0. 

(824.)  "  Effect  of  Depth  and  Breadth:'— Wi^  a  rectangular 
beam  of  unequal  dimensions,  say  6  inch  by  1  inch,  the  resistance 
to  Impact  is  the  same,  whether  the  bar  be  struck  on  its  broad 
side  or  on  its  edge.  This  feu^t  is  implied  and  indeed  inyolved 
in  the  Bules  (780),  &c.,  for  as  the  height  h  which  a  given 
weight  must  fall  is  simply  proportional  to  d  x  6,  it  is  obviously 
immaterial  which  dimension  is  made  the  depth  and  which  the 
breadth.  To  show  that  this  is  theoretically  correct  more 
clearly,  we  may  take  a  bar  of  cast  iron  1x6  inches  and  say 
10  feet  long.  Taking  Mx  for  Breaking  weight  at  *  921  from 
col.  6  of  Table  66,  when  laid  flat  d  =  1,  and  b  =  6,  then 
Bule  (324)  gives  W  =  P  x  6  x  -921  -r- 10  =  -5626  ton  Break- 
ing  weight,  with  which  the  deflection  by  Bule  (696)  becomes 
8  =  10*  X  •0785-=-l  =  7 •86  inches:  hence B, or  tiie mechanical 
power  producing  that  deflection  and  breaking  the  beam,  is 
•6526  X  7-85  X  i  =  2-169  inch-tons  (776). 

When  fixed  on  edge,  d  =  6,  and  5  =  1:  then  W  = 
6"  X  1  X  -921  -T- 10  =  3-316  tons.  Breaking  weight,  with  which 
the  deflection  becomes  8  =  10"  x  -0786-^  6  =  1-308  inches; 
hence  the  mechanical  power  B  =  3-316  X  1-308  X  ^  = 
2*169  inch-tons,  being  precisely  the  same  as  in  the  other 
position. 

Mr.  Hodgkinson's  experiments  in  Table  129  prove  the  correct- 
ness of  this  reasoning :  thus,  in  Nos.  1,  2,  3,  d  x  b  =  9  in  all 
cases,  and  col.  7  shows  that  the  power  required  to  break  the 
bars,  OT  w  X  K  ^^  practically  the  same  in  all :  the  other  experi- 
ments in  the  Table  show  similar  results. 

(826.)  "  High  Batio  of  Safe  and  Breaking  Dynamic  Loads:' — 
The  resistance  to  impact  being  proportional  to  the  statical  load 
on  a  beam  multiplied  by  the  deflection  produced  by  it,  the 
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Table  129. —  PRuvisa  tiat  RBCrAsauLAB  Beams  Resist  TiiPACTr 

nith  Eqcial  Enefuit  when  Stbdck  on  their  Nabrow  or  Broad 
DrMBNsroNfl, 
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and  Breaking  weights  is  very  much  higher  than  between  the 
like  Stiiticiil  weights.  For  iuKtaiice,  if  the  elastitity  of  a  beam 
is  perfect  (IJ88),  tho  ticflcction  being  iu  that  case  esactly  pro- 
poi'tioual  to  the  weights,  and  say  that  the  ratio  of  tho  Stntieal 
safe  and  brcakiug  loacLs  is  1  to  3,  tlien  as  we  have  with  the 
lattov  three  times  the  weight  and  three  times  the  deflection,  we 
get  ;{  X  3  =  'J  times  the  resiKtauce  to  impact ;  in  fact,  the 
Dynamic  ratio  is  the  square  of  the  Statical  ratio,  and  the  latter 
being  say  3,  4,  5,  Ac,  tho  former  will  be  9,  16,  25,  .tc. 

(826.)  Whcu  the  elasticity  is  imperfect,  and  tho  dcflectious 
increase  more  rapidly  than  the  weights,  the  ratio  is  higher  still : 
for  iiiBtonee,  for  east  iron  Table  67  shows  that  with  a  statical 
ratio  of  3  to  1,  tho  deflections  by  cols,  8  and  11  are  -0785  -^ 
■01971  =  3'983,  or  nearly  4  to  1,  and  tho  resistauoe  to  impact 
3-983  X  3  =  12  to  1  nearly.  Table  G7  also  shows  by  col.  9 
that  Timber,  with  a  Statical  Ratio  of  5  to  1,  has  a  Dynamic 
ratio  varying  from  .'J3-0  to  1  in  Ash,  to  27-1  to  1  in  Elm. 

(827.)  This  high  ratio,  which  we  ha-ve  seen  to  be  a  reenlt  of 
tho  nature  of  tlie  ease,  is  a  great  practical  advantage,  because  in 
raost  eases  the  dynamic  strain  is  iinccrtaiu  as  to  its  amount, 
being  frequently  the  result  of  accident,  such  as  the  failure  of  a 


impact:  sumhabt  of  bemabeable  laws.  441 

rope,  &c.  Thus,  if  we  arrange  the  proportions  of  a  cast-iron 
beam  to  bear  safely  a  falling  load  that  will  strain  it  to  the  limit 
of  safety,  say  ^rd  of  the  Statical  breaking  weight ;  it  will  be 
strained  to  only  -j^th  of  the  Dynamic  breaking  weight ;  leaving 
thus  a  very  large  margin  for  safety :  see  (786). 

(828.)  ''  Stiffness  a  Source  of  Weakness^* — Li  many  cases  stiff- 
ness or  rigidity  is  necessary  ;  for  instance,  in  girders  carrying 
a  water-tank  where  nndne  flexure  wonld  throw  a  strain  on  the 
joints,  &c.,  and  would  be  likely  to  cause  leakage  if  not  rupture : 
but  when  an  impulsive  strain  has  to  be  borne,  the  most  flexible 
beam  is  the  strongest,  other  things  being  equal.  For  instance, 
if  we  had  two  beams  whose  breaking  weights  were  the  same,  but 
one  deflecting  twice  as  much  as  the  other,  then  the  latter  would 
bear  twice  the  strain  dynamically,  or  a  given  weight  falling 
double  the  height,  &c. 

(829.)  It  is  shown  in  (778)  that  R,  or  the  resistance  to 
Impact,  IB  directly  as  the  length  of  the  Beam,  other  things  being 
equal,  which  of  course  is  directly  contrary  to  the  case  of  a  dead 
load,  where  the  strength  is  inversely  as  the  length.  This 
remarkable  result  is  shown  to  be  experimentally  true  by 
Table  130,  where  bars  similar  in  depth  and  breadth,  but  differ- 
ing in  length,  are  arranged  in  groups.  The  Ratios  of  the 
lengths  are  2  to  1  in  all  cases,  and  col.  7  shows  that  B,  or  the 
mean  resistance  to  Impact,  is  1  *  99  to  1. 

(830.)  "  Summary  of  Remarkable  Laws. " — There  are  several 
remarkable  laws  of  Impact  which  it  may  be  interesting  and 
instructive  to  collect  from  the  foregoing  investigation :  exclud- 
ing the  effect  of  Inertia  for  the  moment  we  find : — 

1st.  The  resistance  to  Impact,  or  the  Resilience  of  a  Beam, 
R,  is  the  same  whether  the  blow  is  struck  at  the  centre  or  else- 
where in  the  length :  see  (809). 

2nd.  In  rectangular  beams  of  unequal  dimensions  the  resistance 
R  is  the  same  whether  the  bar  is  struck  on  its  narrow,  or  broad 
dimension :  see  (824). 

8rd.  With  rectangular  beams  of  the  same  material,  the 
resistance  to  Impact  R  is  s^ply  proportional  to  the  weight  of 
the  beam  between  supports  irrespective  of  the  particular 
dimensions:  (821). 
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Combinmg  1,  S,  8,  wo  are  oondnoted  to  this  ranarkaUs  ftdl^ 

that  tlie  weigbt  of  tlio  recian<;nlar  beam  Twinir  t!ie  Ratne,  it  is  im- 
material wliethor  it  be  limg  or  sliort,  bniad  or  narrow,  iloep  or 
sliallow.  Mi)ro(ivcr,  wlietlicr  tbc  beam  is  struck  ou  edge  or  on 
the  flat ; — in  tlit;  ceiitre  or  nnywliero  out  of  tlie  ccotrc,  the  result 
is  tUc  same  iii  all  eascK. 

4tU,  TLc  power  R  iti  directly  as  tbe  length,  iuetead  of  invertely 
as  for  a  .lead  load :  Mee  (829). 

Sth.  Tltc  power  It  of  a  beam  in  vesietiDg  Impa<:t  is  increated 
by  loading  it  with  a  deml  loud  up  to  a  certain  poiut :  (801). 
Thus  by  col.  9  of  Table  12-5  it  is  more  than  double.!. 

Ctlj.  Witli  ird  of  the  Breaking  weight,  whii-h  is  tlie  ratio 
adopted  by  ninmt  Engineers  for  the  Working  dead  load,  the 
resistaiieu  to  Impact  iB  a  maxiniuni :  (803). 

7th,  The  iHiwer  required  to  produce  given  deflections  in  any 
beam  by  an  inipulNivo  strain  is  proporlioiial  to  the  deflection 
equtircil,  not  as  the  deflection  simply,  as  with  dead  looils :  (812). 

8th.  The  stifTi^t  beanis  arc  tlic  weakest,  and  tia:  versa,  other 
things  being  equal  (828). 

9th.  'J'he  Ratio  between  the  Breaking  aud  Safe  strains  by 
Imjiact,  or  between  R  and  r,  is  cxcoeiUngly  high,  being  as  the 
eqiiiirc  ni'  the  Ratios  with  dead  loads,  as  shown  by  (825). 
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IMPAOT  FBOM  BOLLING  LOAD. 

(831.)  "  BoUtng  Load  at  High  Velocity :'— When  the  load  on  a 
horizontal  beam  rolls  over  it  at  a  high  velocity,  the  strain 
becomes  more  or  less  a  dynamic  one,  but  nnder  certain  limita- 
tions as  governed  by  the  speed  of  the  transit.  Let  A  in 
Fig.  193  be  an  unloaded  beam,  W,  a  weight,  which  as  a  dead  or 
statical  load  deflects  the  beam  to  B.  But  by  (775),  and  Table 
119,  it  is  shown  that  if  that  same  weight  were  laid  quietly  on 
the  centre  of  the  beam  A  and  suddenly  released,  it  would 
deflect  it  to  C,  producing  double  the  deflection  and  thereby 
double  the  strain,  the  weight  really  falling  as  the  beam  deflects, 
and  acting  therefore  as  an  impulsive  load. 

Now  let  the  weight  W,  roll  horizontally  upon  the  beam  with 
a  high  velocity,  such,  that  in  travelling  half  the  length  of  the 
beam,  or  from  w  to  W,  it  would,  if  free,  follow  the  line  d,  e,  /, 
and  fall  by  gravity  from  W  to  Wi,  and  deflect  the  beam  as 
before,  or  as  when  it  fell  vertically  the  same  height.  The  hori- 
zontal velocity  necessary  to  effect  this,  is  easily  calculated : — 
for  instance,  let  the  beam  be  10  feet  long  between  bearings,  and 
the  dynamic  deflection  A  C,  =  4  inches.  Then  by  the  laws  of 
falling  bodies : — 

(832.)  <  =  v'(A  -^  193), 

in  which  h  =  the  height  fallen  in  inches,  and  (  =  time  in 
seconds,  we  obtain  in  our  case  (4  -r-  193)  j^  =  *  144  second,  in 
which  time  the  weight  must  travel  half  the  length  of  the  beam,  or 
5  feet,  hence  its  horizontal  velocity  must  be  5  -4-  *  144  =  34  feet 
per  second,  or  34  X  3600  -h  6280  =  23-18  miles  per  hour. 
In  this  case  then,  a  load  passing  over  this  beam  at  a  velocity  of 
23*18  miles  per  hour,  will  deflect  that  beam,  and  thereby 
strain  it  to  the  same  extent  as  a  double  load  acting  as  a  dead 
weight ;  or,  in  other  words,  the  strain  with  any  load  is  doubled 
on  this  particular  beam  by  a  horizontal  velocity  of  23  *  18  miles 
per  hour.  The  deflection  is  a  maximum  with  this  velocity,  that 
is  to  say,  with  a  higher  or  a  lower  velocity  the  deflection  would 
be  less.  With  a  higher  velocity  the  weight  W  would  not  have 
time  to  fall  the  height  A,  C,  or  4  inches : — ^for  instance,  with 


•I'll  impact;  nou.iNO  load  *t  hioh  tklocitt. 

donblitTiiliwhy.or  23-18  x  2  =  4C  ■  ^6  miles  per  boor,  il  wnmU 
rttAch  thn  iwutttt  of  tlm  beam  in  ■  144  -i-  2  =  '072 
&U  iluo  to  which  timo  by  the  laws  of  gravity  or ; — 


ft  =1'X  198. 
■073'  X  193  =  1  inch  only,   inete»d 


(833.) 
IXMHiiiniB  In  I 

4  iiiuliin,  m  thut  with  a  velocity  of  4C-36  miles  per  hour  tlia 
dofliwtiou  and  thereforo  tho  strain  would  liavo  been  Jth  only 
of  timt  duo  to  ^3-  Is  niilcn  per  honr,  nnd  half  only  of  that  with 
tho   aamo   weight  noting  statically  or  as  a  dead  load  ! 
(Msntn^     So  tliftt  in  tlii§  com,  wbilo  a  Telrwity  of  23  -  IS 
pur  honr  doi^let  the  offeot  of  a  givon  statical  load,  a  doubla 
viilooity  or  4S-.SIj  milea  redaitia  thu  ofToct  of  a  given  dead  toad 
to  hat/.     Again,  with  volcHutidH  luwor  than    23-18  milee  p«r 
hour,  tlio  d('fl«otion«  would  bo  lorn  than  with  that  voloci^, ,{ 
riling  witb  the  volooity  from  A,  B,  or  that  with  a  dead  luad,  te 
A,  C  with  98  ■  le  milae  per  honr. 

(H31,l  Tliiw  tlini-rolirnl  rcmill.H  are  confirmM  by  tho  experi- 
iii.iitH  •<(  (',ipt4»i(L  Jiiii!.-H.  It.E.,  will!  fduiiil  with  bftrfiof  steol 
•2 1    fr<1    \n„ii.  •!   idrlirH    briHul,  and    \    int-h   di'fp,   that   with 


J 


J 


■HO 


l-li:! 


ihtiniiij.  11  [iiii>iiiiimii  with  flio  velocity  of  21)  f,;ot  jut 

iliirh  »ns  ri-iiiirci  by  ail  iii.ivnKO  ill  Vfilnfity. 

I-   r<-MillH  W.T.!  <ihtiii(Kil  by   ivroiif,'bt-ir,m   bars    0   f,Hl 

^■li.s,!,-,.)..  1,11,1  1  in:;},  »iao:-«itliiih.iid<jf  1778]bs. 


ud.  Uh-  C'litnil  di-llri 


ini'lu'M  ]'itB]H'ilivi1y,  iittiiiiiiiij^  ti  maximum  with    a   velocity  of 
;t(l  {L-<=i  pur  Kmm.l. 
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(835.)  Table  131  gives  the  results  of  experiments  by  Captain 
James,  on  Cast-iron  bars  of  various  sizes,  all  9  feet  long,  the 
effect  of  velocity  being  here  shown  not  as  affecting  the  deflec- 
tion, bat  as  governing  the  breaking  weight  In  these  experi- 
ments, the  breaking  statical  weight  was  first  found  for  each  size 
of  bar  and  the  corresponding  ultimate  deflection ;  then  lighter 
loads  were  caused  to  pass  over  similar  bars  at  a  certain  fixed 
velocity,  the  load  being  increased  continuously  by  increments 
of  56  lbs.  until  the  bar  broke,  &c. 

Theoretically,  as  we  have  seen  (775),  the  rolling  load  with 
which  the  beam  breaks  should  be  hdf  the  equivalent  dead 
weight,  the  maximum  effect  being  attained  by  a  certain  velocity 
such  that  the  rolling  body  can  isM  by  gravity  the  height  due 
to  the  ultimate  deflection  in  the  same  time  as  it  takes  to  traverse 
the  half-length  of  the  beam. 

Table  131. — Of  the  Strength  of  Beams  of  Cast  Iron,  9  feet  long, 
to  bear  Loads  rolliDg  over  them  at  different  Velocities. 


Velocity 

in  Feet 

d  =  li  inch,  b  =4  Incbee. 

d  =  3  inches,  b  =  1  inch. 

d  =  3  inches,  5=1  inch. 

per 
Second. 

BreakiDg 
Weight 

Ratloii. 

Breaking 
Weight. 

RaUos. 

Breaking 
Weight. 

RaUos. 

0 
15 
24 

29 

33 
36 
43 

(1) 

Ibt. 
2075 
1649 

1335 

1059 
854 

(2) 

1-000 
•795 

•643 

•510 
•431 

(3) 

lbs. 
1140 
921    . 
761 
608 

606 
588 

•  • 

1-0000 
•8075 
•6677 
•5331 

•5318 
•5155 

•  • 

(ft) 

lbs. 
2167 
1700 

1522 

1203 
1091 

(6) 

1-000 
•803 

•718 

•568 
-515 

0) 

(836.)  We  can  calculate  with  approximate  accuracy  the 
velocities  with  which  the  different  bars  should  break: — thus, 
the  observed  ultimate  deflection  of  the  8  x  1-inch  bars  was 
2  •  25  inches ;  the  load  would  fall  that  height  by  gravity  by  the 
Bule  (832)  in  (2-25  -^  193)  V=  0*107  second,  and  as  the 
rolling  load  has  to  travel  half  the  length  of  a  9-foot  bar,  or 
4^  feet  in  that  time,  its  horizontal  velocity  must  be  4*5  -^ 


HG  ihfact:  bollinq  load  at  high  yklocitt. 


-d| 


0'107  =  42  feet  por  second.  By  cxperiinent,  the  bar  bi 
with  a  velocity  of  43  feet  per  seoond  with  -SIS,  or  nearly 
the  dead  breaking  load,  as  in  col.  7  of  Table  131. 

Again,  with  the  bar  2x1  inch,  the  obBerred  ultimate 
deflection  was  3'2  inches:  tho  load  (fould  fall  that  height  in 
{3-2  -^  193)  V=  0-12S8B«!OBd,  hence  the  horizontal  Telocity 
would  be  4-5 -^  0'1288  =  35  feet  per  second:  tho  expeti- 
mental  velocity  was  3G  feet,  witb  -  5I5S,  or  nearly  half  the  dead  M 
breaking  load,  as  in  col.  5. 

Again :  witb  the  bars  4  X  1^  inch,  the  observed  nltii 
deflection  was  4-45  inches;  the  load  would  fall  that  height {&' 
(4-15  -^  193)  V  =  0-1516  second,  hence  the  horizontal  veloci^l 
will  be4-5  -^  0'1516  =  30  feet  per  second  :  the  esperimontkL 
velocity,  however,  was  43  feet  per  second,  with  -431  the  doid 
breaking  load,  as  in  col.  3,  &c. 

(S37.)  "  Effect  of  Ike  Uerlia  of  Ae  £«im."— We  have  so 
regarded  tho  beam  as  having  no  weight,  therefore  yielding  no 
resistance  to  im])iict  by  its  vis-iuertia,  and  for  Kniiill  bar-:,  such 
us  wu  have  considered,  the  effect  of  inurtia  on  the  result  ivoidd 
be  so  email  that  it  might  be  neglected  without  scrions  error. 
I'or  instance,  the  bar  2  inches  deep,  1  inch  wide,  ainl  9  feet 
long,  ehould  break  by  the  onlinary  rules  (321)  with  2"'  x  1  X 
20G3  -^  9  =  917  IIb.  in  the  centre,  with  im  iiltimiite  deflection 
of  -0785  X  '.)--i-  2  =3-18  inches  (G'J5).  Now,  that  deflection 
being  produced  by  a  statical  or  deail  load  of  917  lbs.,  would 
equally  be  produced  by  a  dynamic  or  falling  load  of  half  that 
amount,  or  458  lbs.,  as  nhown  in  (775),  neglecting  fiir  the 
moment  the  inertia  i>f  the  licam.  By  (781)  it  is  shown  that  in 
resihting  impact,  the  piiwer  of  a  heavy  Warn  in  to  that  of  a  li;:ht 
one,  as  the  inertia  of  tho  lieam  plus  the  falling  weight,  is  to  tliu 

falling  weight  alone,  or .     The  inertia  of  a  beam  Iwing 

taken  as  equal  to  half  its  weight  lietween  bearings,  and  the  tutal 
weight  in  our  case  being  5(1  lbs.,  the  inertia  would  Iw  2H  lbs, ; 
hence  the  effect  of  tho  inertia  would  bo  to  increiiso  the  falling 

weight  from   458   lbs.,    to   453  x    -^^^  =  ^SU  lbs,,  an 
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increase  of  28  lbs.  only,  or  5  per  cent.,  wbich  is  so  small  that 
it  may  be  neglected  with  impunity. 

(838.)  Bat  where  the  weight  of  the  beam  is  great  in  propor- 
tion to  the  foiling  load,  the  case  is  very  different.  Say  we  have 
a  beam  weighing  2  tons  between  bearings,  its  inertia  being 
therefore  1  ton,  and  that  a  rolling  load  was  calculated  to  pro- 
duce a  deflection  of  2  inches  when  the  inertia  was  neglected, 

then  the  effect  of  the  inertia  would  be  to  reduce  the  deflection 

1 
to  2  X  z =-  =  1  inch,  or  to  half.    In  that  case  the  rolling 

load  might  be  increased  to  2  tons,  and  the  dynamic  deflection 
would  then  be  2  inches,  or  the  same  as  that  due  to  a  statical  or 
dead  load  of  2  tons,  the  inertia  doubling  the  power  of  this 
particular  beam  in  resisting  a  fiEJling  or  rolling  load. 

(839.)  In  most  practical  cases  of  Eailway  bridges  the  highest 
attainable  velocity  is  very  much  below  that  which  we  have 
shown  (832)  to  be  necessary,  in  order  to  obtain  the  maximum 
dynamic  deflection.  This  fact,  together  with  the  resistance 
from  the  inertia  of  the  bridge  itself,  causes  the  deflection  from  a 
rolling  load  to  be  in  most  cases  very  slightly  in  excess  of  the 
statical  deflection  from  a  dead  load.  Thus,  in  the  case  of  the 
Ewell  bridge  experimented  upon  by  H.M.  Commissioners, 
the  length  between  bearings  was  48  feet,  the  weight  of  the 
bridge  30  tons,  hence  its  inertia  =  15  tons,  and  the  central 
statical  deflection  produced  by  an  Engine  and  Tender  weighing 
89  tons,  was  *215  inch.    With  velocities  of 

0  25  30*9  32-3  53*7  75 

feet  per  second,  or, 

0  17  21  22  36-6  51 

miles  per  hour,  the  central  deflections  were 

•215  -215  -230  -225  -245  -235 

inches  respectively,  which  are  irregular,  and  increase  very 
slightly  with  increase  of  velocity;  this  is  what  might  have 
been  expected,  as  we  shall  see. 
(840.)  We  have  shown  (831)  that  at  a  certain  horizontal 
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relocitf  tbo  dynamic  deflection  would  be  dunblo  the  Blaticol  or 
'215  X  '2  =  '43incl)  in  our  cose:  but  to  produce  tbat  deflectiuD, 
the  loftd  must  traTcrso  the  balf-lenglh  of  the  beam  in  Ibe  time 
nec«Bearf  for  a  body  to  fall  that  height  by  gravity,  which  in  ont 
cue  by  Knlo  (833)  would  be  {'43  -^  193)  ^  =  047  second. 
Tbe  horizontal  velocity  must  therefore  be  24  -i-  "047  = 
511  feet  per  aecoud.or  348  miles  per  hour !  whereas  the  highest 
velocity  attained  nae  51  miles  per  hour  only,  or  about  1th 
of  that  necessary  to  produce  the  maximum  deflection  :■ — it  would 
therefore  (833)  bare  little  more  effect  than  a  dead  load,  which 
was  the  fact,  aa  shown  by  tbe  experiments.  Moreover,  oveD  with 
34S  miles  per  hour,  if  that  hod  been  attainable,  we  should  not 
have  bad  the  fnll  dyiuunie  deflection,  because  the  inertia  of  the 


bridge  would  reduce  it  from  '43  to  -43  x  ..  =  -311 
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(8-11.)  '•  Expermculal  IUmlls."—T'kc  laws  goTcming  tlic 
strength  of  cyliridritul  tubes  in  resisting  collapse  under  ei- 
tci'niil  prciisuro  arc  so  obRcnre  that  it  seems  hopclese  to  atteniiit 
to  diseovor  thum  by  any  theoretical  investigation,  and  we  arc 
compelled  to  obtain  Itules  from  exi)eriment.  Nothing  wari 
experimentally  kuomi  until  Mr.  Fairbairn  investigated  the 
mutter,  and  Engiiii'crs  had  to  work  in  tlic  dark.  The  lawn 
obtained  by  Mr.  Fuirbairu  are  very  remarkable,  and  differ 
eotircly  from  the  theoretical  ones ;  for  example,  with  a  pcrfeelly 
eyliitilrii'ul  tube  the  stritiu  generated  by  citemal  pressure 
would  1)0  ijiiiiply  a  crushing  one,  and  the  strength  in  that  case 
should  lie  ilircetly  proportional  to  the  thickness,  and  invi.Tse1y 
as  the  diameter,— the  length  haviDg  no  efleet  on  the  result.  Dut 
Mr.  Fairbairn  found  with  tubes  made  of  thin  wrought-iron 
plates,  that  the  Btrength  was  directly  proportional  to  the  2'IC 
power  of  thu  ihiekiiess,  and  invereelv  as  the  k-mjOi  as  widl  as 
the  diamckr. 
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(842.)  Table  132  gives  the  general  results  of  Mr.  Fairbaim's 
experiments;  they  were  for  the  most  part  on  tubes  without 
cross-joints,  and  with  one  longitudinal  joint  only,  a  fact  which 
it  is  necessary  to  observe,  as  the  strength  is  affected  by  it  con- 
siderably (848).  Direct  evidence  of  the  effect  of  length  is  given 
by  many  of  tiiese  experiments ;  for  example,  Nos.  4,  5,  and  9 
were  all  of  the  same  dimensions  except  the  lengths,  which  were 
in  the  ratio  1,2,  8 ;  col.  4  shows  that  the  strengths  were  almost 
precisely  in  inverse  ratio,  or  3,  2,  1,  being  in  fact  140,  93,  and 
47  lbs.  respectively. 

(843.)  In  five  cases  the  ends  of  the  tubes  were  free,  in  all  the 
rest  they  were  fixed  as  with  an  ordinary  boiler  flue,  but  either 
way  the  result  was  about  the  same.  We  should  expect  the 
pressure  to  be  less  with  free  ends  than  with  fixed  ones,  but  this 
result  was  realised  in  two  cases  only,  Nos.  1  and  16,  the  differ- 
ence by  col.  6,  beiog  11*6  and  14  per  cent.  only.  In  the  other 
three  cases  the  free-ended  tubes  were  stronger  than  the  average, 
Nos.  6,  9,  and  19  giving  11*8,  12*7,  and  4*5  per  cent,  respec- 
tively :  it  would  appear  from  this,  that  fixing  the  ends  of  a  tube 
has  no  effect  on  the  strength;  which  again  is  an  unexpected 
result.  No.  28  was  not  collapsed  by  450  lbs.  per  square  inch, 
nor  was  it  likely  to  fail  with  that  pressure,  the  calculated 
collapsing  strain  being  1396  lbs.  by  col.  5. 

(844.)  The  tube  No.  33  was  of  Steel,  with  which  we  should 
have  expected  greater  strength  than  with  iron,  but  a  comparison 
of  cols.  4  and  5  shows  that  the  calculated  pressure  by  the  Eules 
for  iron  tubes  =  298  lbs.,  but  experiment  gave  with  steel 
220  lbs.  only,  showing  that  for  some  unknown  reason,  the 
strength  of  the  steel  tube  was  26  per  cent,  less  than  that  of  an 
iron  one,  which  is  an  unsatisfactory  result  requiring  further 
experimental  investigation  :  a  similar  anomaly,  however,  was 
observed  with  steel  chain  (102).  < 

From  these  experiments  Mr.  Fairbaim  obtains  for  cylindrical 
wrought-iron  tubes  the  Eules  : — 

(845.)  P  =  33-6  X  (100  0'"  -r- (L  X  d), 

(846.)         J)  =  5-6  X  (100 0'"  -^  (L  X  d). 
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In  which 

P  =  the  coUapsing  pressure,  in  pounds  per  square  inch. 
p  =  the  safe  working    „  „  „ 

d  =  diameter  of  tube,  in  inches. 

t  =  thickness  of  plate,  in  inches. 
L  =  length  of  tube,  in  feet. 

The  col.  5  in  Table  132,  from  No.  1  to  No.  29  inclusiye,  has 
been  calculated  by  this  rule. 

(847.)  To  find  (100  <)* "  we  must  use  logarithms :  thus,  for 
\  inch  we  have  100  x  *  126  =  12*6,  the  logarithm  of  which,  or 
1  •  09691  X  2  •  19  =  2  •  4022,  the  natural  number  due  to  which,  or 
252*5,  is  the  2-19  power  required :  coL  5  of  Table  133  has  been 
calculated  in  this  way.  Thus  to  calculate  No.  29  in  Table  132, 
we  take  (100  X  •25/"  =  1152  from  col.  5  of  Table  188,  then 
the  rule  (845)  becomes  P  =  33-6  X  1152  4-  (5-083  x  18|)  = 
406  lbs. ;  experiment  gave  420  lbs. :  hence  406  -7-  420  =  *967, 
and  1*0  —  '967  =  '038,  or  an  error  of  —  3'8  per  cent.,  as  in 
col.  6. 

(848.)  "  Tubes  with  Ordinary  Biveted  Joints:*— It  should  be 
observed  that  the  small  experimental  tubes  from  which  the  rule 
(845)  was  derived  were  virtually  jointless,  for  although  they 
had  for  the  most  part  one  longitudinal  seam  or  joint,  the 
collapsing  strength  would  not  be  affected  thereby.  When  a 
cylindrical  tube.  Fig.  191,  is  compressed  into  an  ellipsis  the 
parts  from  tn  to  n  and  from  0  to  jp  are  flattened,  while  those 
from  m  to  0  and  n  to  p  are  more  curved,  but  at  some  point 
between  E,  H,  &c.,  the  curvature  and  the  position  or  distance 
from  the  centre  are  unchanged.  If,  therefore,  the  longitudinal 
joint  took  up  its  position  at  one  of  those  points,  which  it  would 
be  sure  to  do  in  consequence  of  its  superior  strength  over  other 
parts  of  the  tube,  it  would  be  subjected  to  no  special  strain,  and 
would  add  nothing  to  the  normal  strength  of  a  jointless  tube. 

(849.)  With  ordinary  boiler  flues  there  are  usually  numerous 
lap-joints,  both  cross-ways  and  longitudinally :  at  every  cross- 
joint  there  is  of  course  a  double  thickness  of  metal,  which  will  . 
act  partially  as  a  ring  (862),  not  so  perfect  in  its  effect  as  a 
strong  ring  of  J.  or  L  iron,  but  still  very  influential  on  the 
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KtreiigllL.  Tlio  iiicreiiso  dtiu  to  fiiicli  joints  can  bo  <iuki- 
OTily  by  esiieriwumts  on  the  large  scale  from  fliu-s  in 
pmctico,  and  fiMiii  tbese  \vc  fiud  that  the  rults  in  (845)  ri 
to  Ije  modififid  into — 


(850,) 
(-851.) 


P  =  49-3  X  (100  ff 
p  =  8-2  X  (100  tf" 


-^  (L  X  ,(). 
■  (L  X  <l}. 


Ulr.  Fairhnirn  made  two  cxpei'imonts  on  42-ineh  flues,  llie 
ifSMlts  of  ivliich  arc-  given  l.y  Nos.  30  and  31  in  Tnblo  KW; 
p.dl.  5  has  l)i'cn  caleiilatcd  by  tlic  rule,  which  shows  nn  error  oi 
+  3  ■  1  and  —  3  ■  1  per  cent.  ve8|)uctively,  as  in  col.  6. 

(852.)  From  this  it  a]ip('ars  that  a  tnhu  with  oi-ilinai'y  lap- 
joints  is  49-3  -f-  33-G  =  1-47,  or  47  per  ccut.  stron-rer  thmi 
similnr  IiiIm^s  without  wiy  joints,  or  (what  amounts  nearly  lo  Hit 
sanio  thing)  n-ith  one  longitudinal  joint  only  (848). 

Although  this  increase  is  considerable,  it  is  small  compared 
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to  the  effect  of  strong  rings  at  each  joint :  for  example,  a  boiler 
tube  say  24  feet  long,  would  have  cross-joints  about  every 
3  feet,  and  with  strong  rings,  the  collapsing  pressure  would 
be  24  -7-  8  =  8  times  that  due  with  a  24-foot  tube,  but  the  lap- 
joints,  as  we  have  seen,  add  only  47  x>er  cent,  to  the  strength. 

The  rules  in  (845),  &c.,  show  that  P  x  L  x  d  is  constant  for 
the  same  thickness  of  plate,  hence  we  have  for  tubes  without 
joints  the  rules : — 

(853.)  PxLx(l  =  33-6x  (1000'*" 

(854.)  |>xLxd  =  5-6x  (lOO/)'". 

And  for  ordinary  boiler  tubes  with  lap-joints  longitudinally  and 
cross- ways  the  rules : — 

(855.)  PxLxd  =  49-3x  (100  0"". 

(856.)  j)xLxd  =  8-2x  (100 <)" ". 

Tables  133  have  been  calculated  by  these  rules,  and  from 
them  the  strength  or  thickness  of  any  tube  may  be  easily  found 
by  the  rules : — 

(857.)  P  =  To  -T-  (L  X  d). 

(858.)  J)  =  Tg  -T-  (L  X  d). 

(859.)  To  =  P  X  L  X  rf. 

(860.)  Tg  =  p  X  L  X  d. 

In  which  To  =  the  Tabular  number  for  collapsing  strain  given 
by  col.  1  or  col.  3  in  Table  133,  and  Tg  =  the  Tabular  number 
for  the  working  strain  by  col.  2  or  4.  For  example,  to  find  the 
collapsing  pressure  of  a  boiler  flue  with  ordinary  joints, 
42  inches  diameter,  35  feet  long,  and  f  thick,  we  take  Tg  from 
Table  133  at  138,100,  and  we  obtain  138100  -r-  (35  X  42)  = 
94  lbs.  per  square  inch :  see  No.  31  in  Table  132. 

Again,  say  that  we  required  the  thickness  of  plate  for  a  tube 
36  inches  diameter,  20  feet  long,  to  bear  safely  a  working 
pressure  of  45  lbs.  per  square  inch ;  then  the  rule  Tg  =  p  x  L 
X  d^  becomes  45  x  20  X  36  =  32400,  the  nearest  number  to 
which  in  coL  2  of  Table  133,  is  32,250,  opposite  -|^  inch,  the 
required  thickness,  &c. 
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(861.)  TabloB  134,  135,  have  been  calctdated  by  the  rales  id 
(H54),  (856),  and  will  furtber  simplifj  calcuUtton,  for  tbe 
Btreiigtli  being  iaversoly  proportional  to  the  length,  wo  have 
only  to  divide  the  nnmbers  giT^n  in  those  Tfthles  by  the  length 
in  feet  to  find  the  working  preesure  in  any  given  case.  Thna 
a  flue  2  feet  S  inches  diameter,  and  10  foot  long,  with  thick- 
nesses },  ^,  ^  inch,  would  have  working  prcfisores  of  35, 85,  and 
1150  lbs.  per  square  inch  respectively,  Ac. 


Thick 

neotPUM. 

[[■jlonuil 

* 

A 

* 

^\ 

i    1    -A 

} 

A 

1 

WorhUis  Pnmn  En  I.bL 

per&|»nliub, 

tnlFtuI 

L«» 

!» 

ITS 

420 

338 

789 

IB87 
losn  1 

i:Hi 

t 

'1     -A 

:1    ll 

!i5n 

a.s7 
2c:i 

7N7 

1 111.1 

t(»7.T 

1177 
Sdil 

I'JW 
1310 

Hit 
till* 

i:« 

2311* 
a  131 

't    \\ 

., 

307 
3+3  1 

nil 

7<37 
717 

iu(m; 

2(2 

l«77 

(862.)  "  Slrcngthcnini)  Rings."— Two  of  the  tubes  in  Table  132 
were  of  considerable  length,  but  were  in  cfl'ect  rwluwd  to  Khort 
tubes  hy  two  rings  riveted  on  them.  Thus  No.  4  was  60  inches 
long,  but  became  virtually  20  inches  only,  and,  as  shown  by 
col.  4,  the  strength  was  proportional  to  the  latter.  No.  2.^  was 
divided  into  unequal  lengths  by  two  rings,  the  central  length 
being  17  inches  and  tlje  cuds  21}  and  21-5  inches  respectively ; 
of  course  in  such  a  case  the  strength  ivould  he  giivemed  by  the 
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Table  185. — Of  the  Stbenqth  of  Boiler  Tubes  without  Joints, 

in  Resistino  External  Pbessube. 
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greatest  length,  or  21  *  5  inches.  In  many  cases  it  would  be 
commercially  economical  to  use  a  thin  plate  with  one  or  more 
rings,  rather  than  a  thick  plate  without  such  support.  For 
example,  a  tube  36  inches  diameter,  30  feet  long,  ^  inch  thick, 
would  give  1200  -7-30  =40  lbs.  x>er  square  inch  working  pres- 
sure : — with  a  ring  in  the  centre  the  efifectiye  length  becomes 
15  feet,  and  with  say  f  plate,  the  working  pressure  =  640  -7-  15 
=  42  *  7  lbs.,  and  this  no  doubt  would  be  the  most  economical. 

(863.)  There  are,  however,  some  practical  objections  to  rings 
of  L  or  T  iron  riveted  or  screwed  on  the  tube  in  the  usual 
maimer,  one  being  the  risk  of  leakage  at  the  rivet-holes,  and 
another,  that  the  thickness  of  metal  at  the  flange  of  the  angle- 
iron  will  cause  the  boiler-plate  at  that  point  to  be  unduly  heated, 
and  a  more  or  less  destructive  action  to  be  set  up. 

An  ingenious  method  of  overcoming  both  of  these  objections 
is  shown  by  Fig.  191,  in  which  a  cylindrical  tube.  A,  B,  C,  D, 
is  collapsed  into  the  oval  E,  F,  G,  H.    This  change  of  form 
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may  be  roaisted  in  two  ways,  namely,  by  preTenting  E  antl  7 
fruin  giving  I'n,  or  G,  H  from  g'V'iiig  ovl ;  if  G,  H  bo  prevented 
from  bulging  out,  E  and  T  will  be  effectoally  prevcntiid  from 
illtkpaiug.  To  apply  this  principle  to  practice,  thin,  deep  rings 
are  slipjied  on  tbe  tnbo,  na  at  J  in  Fig.  192  ;  the  sizes  will  vary 
with  tbe  diameter  of  tbe  tube  and  tbe  pressure,  and  must  be 
determined  by  judgment ;  for  a  3-fix)t  tube  |  tkick,  they  might 
be  Hoy  3  inc^bes  decj)  and  ^  iueh  thick.  It  would  be  necessary 
in  most  cases  to  make  the  inside  diameter  of  the  ring  eomewhat 
larger  than  the  outside  diameter  of  the  tube,  in  order  to  enable 
it  to  pass  over  the  hoods  of  the  rivota,  &c.  ;  in  that  case  tiarro» 
wedges  would  have  to  be  inserted  at  frequent  intorvala,  BO  that 
the  tube  may  be  effectively  euppurted  by  tbe  ring. 


Apmng      J 
bytha    4 


(SGI.)  It  has  been  generally  admitted  that  the  oollapaing 
Btrength  of  on  vnl  at  elliptioal  tnbe  may  be  CBbnilated  fa 

rules  for  cylindrical  ones  by  tiikin;;  as  the  effective  diameter 
that  i>f  the  imriil.ili.i-i  cirule,  or  ii  circle  whiwio  radius  is  tlie  same 
UK  that  uf  tlio  llaltist  part  of  the  cUijisis  which  is  given  by  Ibo 
rule 

(8(1.'',.)  d,  =  A'-^a. 

In  whicli  A  =  the  major,  and  a  the  minor  axis  of  the  oval, 
d^  being  the  L^ll'irctivc  diameter  governing  the  strength. 

Thus,  «ith  No.  3r>  in  Table  132,  <J„  =  ^Oy-^Vt},  =  27-7S 
inches,  nud  hy  col.  .-j  of  Table  133  (100  X  -2.7)-"  =  ll.-i3; 
then  the  rule  («l.-))Ucomc8P  =  33-1;  xll-Vi-^  (3-083  x27-7ti) 
=  271  lbs. ;  but  experiment  gave  127-5  lbs.  onlv,  or  less  than 
half.  Again,  with  No.  34,  rf,  =  14=-Ml)}  =  19- It  inehcB, 
then  luO  X  -0-13  =  4-3,  the  logarithm  of  which,  or  0-0335 
X  2-1'J  =  1-3874,  the  natural  number  duo  to  which,  or  •21-4 
X  33-(i  =  8iy-81.  Then  the  rule  («45)  becomes  P  =  Kli>-84 
-^(5  X  19-14)  =  8-5()lbs. ;  hut  oxpcriiiiont  gave  G-f)  lbs.  only ; 
hcuce  8-oG-^  G-5  =  1-32,  or  +32  per  cent,  error. 

(Klifl.)  These  two  experiments  ni-e  all  we  have  on  tubes  de- 
cidedly oval,  fur  NoH.  32,  33  wore  too  nearly  cylirnlrieal  to  bu 
of  much  service.     ^Vc  have  seen  that  the  rule  as  applied  to  the 
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cases  we  have,  does  not  give  satisfactory  results,  and  if  we 
apply  it  to  extreme  cases  of  very  flat  oval  tubes  we  should 
obtain  results  that  are  manifestly  incorrect.  For  example,  in 
Fig.  195,  A  is  a  tube  12  x  2,  and  B  another,  12  x  1 :  now  by 
the  rule  (865),  B  should  bear  half  only  of  the  pressure  due 
with  A,  but  obviously  there  would  be  no  such  differeoce  in  the 
strength  as  2  to  1 ;  on  the  contrary,  we  feel  instinctively  that 
there  would  be  so  little  difference  that  practically  they  would 
collapse  with  one  and  the  same  pressure.  Now,  a  rule  that 
fails  with  extreme  cases,  will  be  very  likely  to  be  incorrect  in 
all  other  cases,  although  in  a  leas  degree ;  in  fact,  the  laws 
governing  oval  tubes  differ  entirely  form  those  dominating 
cylindrical  ones,  and  the  two  forms  cannot  be  assimilated  so 
as  to  enable  both  to  be  calculated  by  the  same  rule. 

(867.)  We  have  seen  in  (841)  that,  theoretically  at  least,  the 
strain  due  to  external  pressure  on  a  perfectly  cylindrical  tube 
is  simply  a  crushing  one.  But  when  an  oval.  A,  B,  C,  D, 
Fig.  191,  is  compressed  into  another,  E,  F,  G,  H,  the  curvature 
from  fn  to  n  and  from  o  to  jp  is  flattened,  while  from  tn  to  o  and 
from  n  U)  p  the  curvature  is  increased.  In  either  case,  this 
increase  or  decrease  of  curvature  is  resisted  by  the  natural 
sti&ess  of  the  material,  the  strain  thus  generated  being  a 
transverse  one. 

Let  Fig.  194  be  a  tube  1x2  inches,  and,  for  the  purpose  of 
illustration,  1  inch  deep,  subjected  to  an  external  fluid  pressure 
in  all  directions.  We  may  assume  that  the  pressure  in  the 
direction  of  the  arrows  a,  a,  tends  to  flatten  the  ellipsis  and 
collapse  the  tube,  but  the  pressure  in  the  direction  6,  6,  tends, 
on  the  contrary,  to  restore  the  tube  to  a  circular  form,  and 
to  partially  counteract  the  collapsing  tendency  of  the  pressure 
a,  a.  But  inasmuch  as  the  area  on  which  a  acts  is  in  our  case 
double  that  on  which  6  acts,  the  final  tendency  will  be  to  col- 
lapse. In  all  cases  the  collapsing  pressure  is  a  differential  one, 
being,  in  fact,  the  difference  between  the  strain  due  to  the  two 
pressures  from  a  and  6. 

(868.)  Say  that  the  pressures  a  and  h  were  800  lbs.  per  square 
inch,  then  the  strain  from  a,  a,  acting  on  two  square  inches, 
would  be  300  X  2  =  600  lbs.,  and  the  strain  from  6, 6  =  300  x 
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1  =  300  lbs ;  bence  the  effect  of  both  is  to  leave  600  -  300  = 
300  lbs.  in  the  direction  a,  a,  or  300  -^  2  =  150  llw.  per  square 
inch,  irhich  hae  to  be  resisted  bj  the  matenEil  of  trhich  tbo  tabe 

Let  Fig.  19G  be  a  eericB  of  oval  tubee  oil  of  the  same  miner 
axes  and  thiukness  of  plate,  A  being  the  same  as  Fig.  194:  B 
is  BJt  oval  tulra  1x3  aad  1  inch  deep,  the  thickness  being  the 
same  as  in  Fig.  194,  which  we  fonnd  to  collapse  with  a  differen- 
tial or  unbalanced  strain  of  300  lbs.  spread  over  2  eL|oare 
inches :  then,  the  transverse  strength  boing  inversely  as  the 
length  of  the  beam,  with  B  wo  sliould  have  300  x  2  -^  3  = 
200  lbs.  unbalanced,  to  obtain  which  the  total  preasute  in  the 
direction  a,  a  must  bo  SOO,  and  i»,  6  =  100,  leaving  300  - 
100  ^  200  lbs,,  08  required,  and  as  this  is  now  spread  over 
3  square  incbes,  we  have  a  grong  pressure  of  300  -^  3  =  100  Ibe. 
per  square  inch,  whereas  with  A  we  bad  150  lbs. 

Let  0  be  an  oval  tube  1x4  inohes,  and  1  inch  deep,  &o.  Aa 
A  ciiUnpsed  with  n  iUfffrenliaJ  pressure  of  300  Mw.,  C  would 
c<dlapsc  with  300  X  2-^  4  =  l.'JO  lbs.,  Ut  obtain  which  a,  a  = 
200  lbs.;  then  6,  h.  being  one  fourth  of  that,  or  50  lbs.,  the 
diCTerential  pressure  =  200  —  &0  =  150  lbs.,  as  required.  The 
gross  pressure  200  Iha.  being  uow  sjirend  over  4  square  inches, 
wo  Lave  200  -f-  4  =  60  lbs.  [wr  square  inch. 

Again,  D  is  an  oval  tul>e  1x5  iiiclies,  and  1  inch  deep,  Ac. 
A  eollaiwcd  with  a  differential  pressure  of  300  lbs.,  D  would 
therefore  coUa])se  with  300  x  2  -^  5  =  1-20  llis..  to  obtain 
which  a,  a  must  be  150  lbs. ;  then  fc,  h,  boing  one-fifth  of  that, 
or  30  lbs.,  the  differtnlial  presanro  =  150  -  30  =  120  lbs.,  as 
required.  Here  the  gross  prcsKoro,  150  lbs.,  l)eing  sprcoil  over 
5  sqiiare  inches,  gives  150  -^  5  =  30  lbs.  i>er  siinare  inch. 

Again,  E  is  an  oval  tube  1x6  inches,  and  1  inch  deep,  &c. 
A  colhi2)sed  with  a  differential  pressure  of  300  llis.,  E  would 
colhipse  with  300  x  2  -^  «  =  100  lbs..  U'  obtain  wliicb  Ibc  gross 
pressure  a,  a  must  be  120  lbs. ;  then  b.  h,  iicini;  onc-si\th  of 
that,  or  26  lbs.,  the  differential  pressure  =  120  -  20  =  100  lbs., 
as  required.  Hence  the  gross  pressure,  120  Uk".,  being  spread 
over  (i  Sfpiare  inches,  wo  have  120 -r  C  —20  lbs.  per  square 
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ThnB,  with  the  five  oval  tubes  we  have  considereci,  the  minor 
axes  being  1  inch  in  all  cases,  and 

The  major  axes  being  =23456  inches., 

The  gross  total  pressures  =  600  300  200  150  120  lbs.. 

The  pressures  per  square  inch  =  300  100    50    30    20  lbs., 

the   results  of  these  analytical  investigations  may  be  repre- 
sented by  the  rule : — 

Thus,  with  an  oval  tube  2  x  1,  we  have  P  = 


(2  -  1;  X  2  ~ 
300  lbs.  per  square  inch: — with  another,   6x1,  we  obtain 

P  =  T^-^yx ^  =  20  lbs.,  Ac.,  &c.,  as  before. 

These  numbers  give  Batios  only  for  the  strength  of  oval 
tubes  of  varying  proportions  but  all  of  the  same  thickness  and 
length,  the  special  object  being  to  investigate  the  laws  by  which 
the  two  diameters  govern  the  strength.  Theoretically  the 
strength  should  vary  as  i^  directly,  and  as  d  inversely,  and  be 
independent  of  the  length  of  the  boiler,  but  we  have  seen  that 
in  the  case  of  cylindrical  tubes  the  theory  was  incorrect  (841), 
and  we  must  assume,  in  the  absence  of  experiments  on  oval 
tubes  of  various  lengths  and  thicknesses,  that  the  strength 
of  elliptical  tubes,  like  that  of  cylindrical  ones,  is  directly  as  t^'^* 
and  inversely  as  the  length ;  we  then  have  the  rule : — 

^870^  p-    (loop'"  X  61-4 

^^^^•>  ^  -  (A-a)xAxL  • 

In  which  A  =  the  major  and  a  =  the  minor  axis  in  inches,  L  = 
the  length  of  the  tube  in  feet,  P  =  pressure  in  lbs.  per  square 
inch,  and  (  =  the  thickness  in  inches. 

With  experiment  No.  35  in  Table  132  this  rule  becomes 
(100  X  •25)»»x61-4         ,^^  ^,^  .       ^ 

^  =  (20f:ri5j)^20Jx  5-083  =  127-7  lbs. :  experiment  gave 

127  *  5  lbs.     Again,  with  No.  34,  we  obtain 

(100  X  '043r  X  61-4_  . 

*^-    (14  -  lOi)  X  14  X  5  -  ^  '**  ^'^•- 


experiment  gftve  6~5  tbs. ;  hence  5*84 -^6*6  ='S9S6,  ehowuig    , 
M  error  of  I -0  -  -8986=  -1014  or  -  10-14  percent 

(871.)  '■Oval  Tuba  with  Croes-joinUi,iid."— It  shoolilhoobmmi  i 
that  the  multiplier  61-4  has  been  dorired  from  experimental  J 
tubes  without  croBs-jointa,  and  with  one  longitudinal  joint  onlj.  f 
By  analogy  with  cylindrical  tubes  (852)  wo  may  infer  that  tot  f 
oval  tubes  on  the  large  scale,  having  ordinary  lap-joints,  cr 
ways  and  longitudinally,  the  multiplier  would  beiioine  61'4  X 
49-3 -r  33- 6  =  90,  and  henue  we  have  the  rale 


(872.) 


"  (A  -  a)  X  A  X  L ' 


(873.)  "  Tube*  Slighily  Ooal.''— We  have  seen  in  (841)  that 
theoretically  the  strain  due  to  external  preeaure  on  a  perfwTtly 
cylinilrieal  tube  ia  simply  a  crushing  one,  but  that  practically 
the  strength  is  given  by  the  rule  in  (845).  With  a  Sat  oval 
tuba  the  strain  genented  by  external. preeBnre  ia  a  traoOTeno  | 
one.  and  the  stronpth  ia  given  by  the  rule  in  (870).  When  the 
form  dilliTS  vory  little  fniiu  a  iierfoct  cylinder  we  may  supi)<ise 
that  the  strength  «ill  be  given  by  the  furmur  rule  nither  than 
the  latter.  For  such  cases  and  for  tubes  without  cross-joints  we 
have  the  rulij:— 

(874.)  P  =  33-6  X  (100()'"-^(L  X  ^J, 

(/„  being  tlio  diameter  of  the  osculating  circle,  or  A'  -^  a.  as 
esphiincd  in(8C4),  and  the  rest  as  in  (845),  For  large  tubes 
with  ordinary  laji-jiduts  the  rule  hectimcs  :■ — 


(H75,) 
With  a 


P  =  49  ■  3  X  (100  (}'"  ^  (L  X  'IJ. 


certain  ratio  l>ctweeu  the  two  diameters  these  rules 
will  agree  iu  their  rewults  with  those  for  decidedly  oval  tubes 
in  (870),  aa  shown  by  Table  13ii;  thus,  with  a  tube  12  x  'Jj'  X  i, 
als.)  with  24  X  22  X  J.  mid  with  '66  x  34-07  x  ^  the  two  sets 
of  rides  ngi-ee.  With  ovals  more  nearly  cyliiKlricnl  than  those 
sizes  tha  rules  in  (H45),  (8o0)  will  govern  the  strength ;  but 
with  aatter  ovals  the  rules  iu  (870),  (872)  will  prevail.  The 
best  course  iu  auy  doubtful  ease  is  to  calculate  by  both  rules  aud 
aeecjit  the  loivest  result  as  correct. 
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Table  136. — Of  the  Calculated  Strength  of  Oval  Tubes  10  feet 

long  to  Resist  External  Pressure. 


Sizrs  in  Inchee. 

CoUapsi 

Dg  Pressure  in  Lbs.  per 
Square  Inch. 

Combined  Results  of 
the  two  Rulea. 

Ordinary 
Rule  (874). 

New  Rule 
(870). 

Ratios. 

Lbs. 

Ratios. 

12  X  12 
12  X  11 
12  :<  10 
12  X    9i 
12  X    9 

xi 
xi 
xi 

Xi 

70-70 

64-77 

58-92 

57-4 

53-0 

Infinite 

129-0 

64-5 

57-4 

43*0 

0-0000 

0-502 

0-913 

1-000* 

1-230 

70-70 

64-77 

58-92 

57-4 

43-0 

1-0000 
•9161 
-8333 
-8120 
•6082 

12  X    8 
12  X    7 
12  X    6 
12  X    5 
12  X    4 

Xi 
Xi 
Xi 
Xi 
Xi 

47-1 

41-18 

35-35 

29-46 

23-6 

32-5 

25-8 

21-5 

18-46 

16-15 

1-449 
1-596 
(1-644) 
1-600 
1-461 

32-5 

25-8 

21-5 

18-46 

16-15 

-4600 
•3650 
-3041 
•2611 
•2284 

12  X    3 
12  X    2 
12  X    1 

Xi 

Xi 

Xi 

17-7 

11-8 

5-9 

14-35 
12-92 
11-75 

1-233 
0-913 
0-502 

14-35 
12-92 
11-75 

•2030 
•1827 
•1662 

24  X  24 
24  X  22 
24  X  18 

xi 

xi 

Xi 

161-3 
147-7 
121-0 

Infinite 

147-40 

49-12 

0-000 

1-000* 

2-464 

161-3 
147-4 
49-12 

1-0000 
•9137 
•3044 

24  X  12 
24  X    6 
24  X    2 

xi 
xi 
xi 

80-6 
40-3 
13-5 

24-56 
16-37 
13-39 

(3-281) 
2-464 
1007 

24-56 
16-37 
13-39 

•1522 
-1014 
-0830 

36  X  36 
36  X  34-07 
36  X  27 

xj 
x* 
x| 

261-3 
247-4 
196-0 

Infinite 
247-4 
53-06 

0-000 

1-000* 

3-69 

261-3 
247-4 
53-06 

10000 
•9467 
-2030 

36  X  18 
36  X    9 
36  X    3 

x| 

xf 

Xi 

130-6 
65  3 
21-8 

26-53 
17-69 
14-47 

(4-923) 
3-69 
1-506 

26-53 
17-69 
14-47 

-1015 
-0677 
•0553 

0) 

(2) 

(3) 

(*) 

(B) 

(«) 

(876.)  Thus  with  No.  85  in  Table  132  we  obtained  127-7  lbs. 
by  one  rule  (870),  and  274  lbs.  by  the  other  (846) ;  and  we  may 
admit  the  lower  result  to  be  correct ;  a  conclusion  supported  by 
experiment,  which  gave  127-5  lbs. 

But  in  experiment  No.  32  we  had  a  tube  very  nearly  cylin- 
drical, there  being  a  difference  in  the  two  diameters  of  -^  inch 
only.  We  know  beforehand  that  the  rule  in  (870)  will  not 
apply  to  such  a  case.    Nevertheless,  for  the  sake  of  illustration, 
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we  may  try  it,  and  wo  obtain  P  =  ^Xij-J  -  UJ)  x  Uji  X  5 
=  1126  lbs. !  or  9  times  tho  osporimental  pressure,  wliicli  was 
126  lbs.  only.  By  the  other  rule  (845)  the  osculating  circle 
d„=  14H'-i-14i=  14-88  inches;  then  P  =  33-6  X  252-fi-^ 
(5  X  14-88)  =  114  Iba. ;  beoco  114  -^  125  =  '912,  giving  an 
error  of  1-0  — '912  = '088,  or  — 8-8  per  cent,  only;  hcra 
evidently  tho  rule  in  (848)  is  the  more  correot. 

Again,  in  exjieriment  No.  33  the  two  diameters  differed  only 
-^  inch ;    her©  again  Uie  rule  in  (870)  will  give  a  prosanre 
,    ■  T,  252-5  X  61-4  ,.,^,,.    , 

greatly m eiceBs;  P  =  ^^5^_l6^^)  ^  15g  X  1-77  ^ 
or  nearly  6  times  the  experimental  pressnre,  trhiuh  was  320  Ibe. 
per  Bquaro  vnoh.  Bytho  otherrulewe  obtain  d„=  15J'-^15f^ 
=  1607  inchee,  then  P  =  33-6  X  252-5 -^  (1-77  X  lfi-07) 
=  298  lbs.;  hence  298 -^  220  =  1  -  35,  or  an  error  of  +  36  per 
ooat. :  of  ooniw  the  lower  reenlt  is  obvionsly  the  more  correot 

(S  71  T  U    nSg        tl  th     f    vnl  tnln'S  of  boilrr- 

jl  t  b  d  11         t  til    k  iU  fiftloii;;,  enlftilatLil 

by    tl      t  1       f       h        k       f  I     iiLf;  results.     It  iK 

k  1 1     tl    t       t       1yd        th         1      ry  nilo  givo  loner 
1  f     tl     t  1  1     1  ly     ylindrioiil,  a  result 

th  t    1         p     t   I   I    t  1        tl      wi        with  the  cxtromvly 

flttl        1  1         IlX  Iwly   Fig.   195.      Ill   the 

1  f     1      ra     t  1      U       t      t     ly  fi«]i]ios<;  that  buth 

b  ng  1  t  ly  fl  t  t  bLs  1  1  tl  Imving  the  sanies 
m  J      d         t       th  111  1 1  k-  diflm;uce  in  tbu 

11  l>s       in*  nd  th  t  th    n  In  (S70_i  which  gives 

ly  12  9    —  11        =  1   10  10   I       CL'ut.   difHTetico   in 

Btrcngth  by  col,  S,  is  more  correct  than  the  ordinary  rule  in  (K7 1), 
whiuh  gives  double  strength,  or  11-8  to  5-9  by  col.  2.  Cuiu- 
biuiug  the  two  rules  we  obtain  cdI.  5,  in  which  tho  tubes  fri)iii 
12  X  12  t«  12  X  9^  have  licun  calculated  by  the  rulo  for  cylin- 
drical tubcK,  taking  fur  the  acting  tUaiuetor  the  iisculating  ciiek 
d„ :  all  tlio  rest  being  taken  from  col.  3. 

It  will  1h!  observed  that  Email  departures  from  the  perfectly 
cylindrical  form  are  net  very  influential  en  the  Btreiigtli :  thus 
with  a  tube  12  X  11,  we  have  01-77  -^  70-7  =-92.  or  02  per 
cent,  of  the  strength  of  a  perfectly  cylindriial  otic  12  inches 
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diameter:  another,  12  x  10,  gives  68-92  4-  70-7  =  -83,  or 
83  per  cent. 

The  strength  with  \  inch  thickness  and  a  cylindrical  12-inch 
tabe  being  1  *  0,  would  be  reduced  to  half  with  12  x  8*3  inches ; 
to  one-third  with  12  x  6^  inches;  to  one-fourth  with  12  x 
4|  inches ;  to  one-fifth  with  12  x  3  inches ;  and  to  one-sixth 
with  12  X  1  inch.  These  relative  proportions,  however,  must 
not  be  taken  as  establishing  general  ratios  for  other  sizes :  for 
example,  a  tube  12  x  9  X  i  collapses  by  col.  6  with  -6082  of 
the  pressure  due  to  a  12-inch  cylinder,  and  we  might  expect 
that  the  same  rcUio  would  prevail  for  other  sizes  where  the  pro- 
portions were  the  same ;  but  the  Table  shows,  col.  6,  that  with 
double  sizes,  or  24  x  18  X  i,  the  ratio  is  -  3044,  or  half  only ; 
and  with  triple  sizes,  or  86  X  27  x  f,  the  ratio  is  -2030,  or 
one-third  only  of  that  with  a  tube  of  one-third  the  size  and 
thickness,  &c. 

(878.)  Table  182  gives  a  general  comparison  of  experimental 
with  calculated  strengths :  Nos.  1  to  29  were  calculated  by  the 
rule  for  jointless  tubes  (845) ;  Nos.  80,  81  by  the  rule  for  lap- 
jointed  tubes  (850) ;  Nos.  82,  83  by  the  rule  for  slightly  oval 
tubes  (874) ;  and  Nos.  34,  35  by  liie  rule  for  decidedly  Oval 
tubes  (870).  Omitting  Nos.  25,  26,  which  were  anomalous,  and 
No.  28,  which  was  not  strained  to  the  collapsing  point,  we  have 
from  1  to  81  inclusive,  five  whose  error  (col.  6)  =  0 ;  11  gave 
+  errors,  the  sum  of  which  =  131  -  4 ;  12  gave  —  errors,  the  sum 
being  114-1.  Hence  131-4  -  114-1  =  +  17-3,  which  with 
28  comparable  experiments  gives  an  average  error  of  17  -  3  -r- 
28  =  +  0-618,  or  less  than  f  per  cent. 

(879.)  ^^ Factor  of  Safety"  —  For  general  purposes  the 
Factor  6,  as  given  by  Mr.  Fairbaim,  may  be  usually  admitted 
for  Boilers  with  both  internal  and  external  pressures,  but  in 
practice  a  much  lower  Factor  is  very  often  permitted  with  both 
strains. 

The  two  boilers  Nos.  30  and  81  in  Table  132  were  intended 
for  40  lbs.  per  square  inch,  and  were  no  doubt  worked  at  that 
pressure,  but,  as  shown  by  col.  4,  the  collapsing  pressures  were 
127  and  97  lbs.  respectively,  giving  as  the  value  of  the  Factor, 
127  -i-  40  =  3-2  and  97  ^  40  =  2-42  only.  It  is  shown  in 
(78)  that  with  internal  pressures,  the  Factor  commonly  used  in 
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the  l>e9t  practice  Tsriea  from  3'45  to  2-76,  Nevertheless,  it  is 
highly  oipedient  wherever  practicable  to  use  Factor  6,  and  thos 
allow  a  wide  inargin  for  fluctaations  in  preuaure,  deterioratioa 
from  met,  and  other  contingencies,  which  ure  nnavoidable, 
ehonld  thus  be  provided  for. 


CHAPTER    XXII. 


FAOTOE  OF   BAFETT. 


(880.)  "  Eatios  of  Breaking  Weight,  Proof  Strain,  and  Working 
Load." — The  Strength  of  Matctials  is  usually  determined  by  the 
ultimate  or  breaking  weight  of  a  specimen,  and  Among  the  uiust 
important  ijuestiona  with  which  the  Engineer  has  to  deal  is  let, 
to  determine  the  Batio  whioh  the  working  load  may  safely  beat 
to  the  ultimate  strain, — or  the  "  Factor  of  Safety  " ;  and  2nd,  tlie 
"  Proof  Strain,"  or  tiic  extent  tn  which  work  shonlil  hn  fitted  in 
order  tci  prove  the  siiiiiiiliiess  of  the  miihTials.  nlwo  (lie  correcl- 
noss  of  the  dusign  and  in;rfcetioii  of  work  in  an  ship  in  the  case  nf 

To  dclerniiniu;;  tlie  proper  vahio  of  the  Faetiir  of  Safety  so  as 
to  avoid  lumufessarv  stronyth  on  the  one  liand,  and  risk  of  failure 
from  iiialcqnatc  btrciigth  on  the  other,  it  ib  necessary  to  con- 
sider Int,  tlic  Mining  Londitions  under  nhiih  mntenols  arc 
btiaintd  uiid  Jul  tU<  TaiiabUncss  m  the  i]uiihty  of  the 
mat  iiiIh  tltnisehc-  TliCHC  will  he  very  tnllueutial  so  that 
the  viiliK  c  f  (Lc  Faet  ir  uiU  not  be  conbtaut  for  all  CUhtS  and 
the  nh  >le  matter  ib  therehy  coinplitatcd  conwdcraldy 

(S^l  )  1  ,ri<ibl  L  mlili  (IS  <f  Sli  iiii  -~V,i  may  have  1st, 
ti  pcif  ills  dead  1  al  oi  statical  btriin  2nd  a  n  Ihng  load  in 
nqiiiiiL  ti  n  asm  the  ease  of  a  luiilttay  Bridffe  where  the 
hti  tin  1  leoines  more  or  k-s  a  d>naiiiie  om  1  nt  under  ctrtniii 
lilintations  dependtnt  on  the  hoii7ontil  vel  i  ty  ii\  cises 
wlicio  the  loud  IB  intermittent  being  alteriiatilj  laid  in  and 
taken  ofl  rtpeatedh  an  m  the  case  if  ciantH  smijk'-aetiiig 
pump  1  d*.  4e  ,  -Itli  allcriiatmg  strains  in  epp  site  diriclions, 
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as  in  the  case  of  the  beam,  piBton-rod,  &c.,  of  ordinary  steam- 
engines,  double-acting  pump-rods,  &c. 

(882.)  "  Variableneaa  in  Materials" — Besides  the  variations 
due  to  methods  of  loading,  there  are  at  least  three  others  due 
to  the  materials  themselves,  and  we  have,  5th,  the  natural 
variableness  in  the  strength  of  all  materials,  even  those  of 
apparently  the  same  kind  and  quality  (957) ;  6th,  deterioration 
from  age  and  decay  in  such  materials  as  timber,  ropes,  &c.,  and 
from  rust  in  the  case  of  wrought  iron,  especially  when  exposed 
to  the  weather;  and  7th,  the  effect  of  thickness  or  size  of 
casting  with  cast  iron,  and  probably  other  cast  metals  (931). 

It  will  not  be  necessary,  however,  to  consider  each  case  in 
detail  under  these  several  heads;  for  practical  purposes  it 
will  be  more  convenient  to  take  a  Factor  so  high  as  to  cover 
many  of  these  contingencies,  and  we  may  then  reduce  the 
cases  to  1st,  a  dead  load ;  2nd,  a  rapidly  rolling  load ;  8rd,  an 
intermittent  load;  and  4th,  an  alternating  strain  in  opposite 
directions.  See  (960)  for  Beal  and  apparent  ^'Factors  of 
Safety." 

We  shall  in  this  Chapter  confine  ourselves  to  the  simple  case 
of  a  dead,  or  statical  load  ;  having  found  the  proper  value  of 
the  Factor  of  Safety  for  that  case,  the  modifications  necessary 
for  other  conditions  will  be  considered  in  the  Chapters  on 
Fatigue  (903),  Impact  (774),  &c. 

(883.)  The  earlier  writers,  Tredgold  and  others,  finding  that 
with  ^rd  of  the  breaking  weight,  beams  of  cast  iron,  &c.,  began 
to  show  signs  of  distress  by  takiug  a  permanent  set  (752), 
assumed  that  strain  to  be  the  limit  of  dagtidty,  and  therefore 
that  3  should  be  the  Factor  of  Safety  for  cast  iron.  It  was 
considered  that  with  loads  not  exceeding  that  limit  materials 
would  be  quite  uninjured,  but  that  with  greater  loads  a  beam 
would  go  on  increasing  in  deflection  with  time,  until  at  a. period 
more  or  less  remote  it  would  finally  break.  -The  Factor  8, 
based  on  these  conclusions,  has  been  iJmost  universally  accepted 
for  dead  loads  by  practical  men,  although  Mr.  Hodgkinson's 
experiments  have  shown  long  ago  that,  1st,  with  cast  iron 
particularly  there  is  no  such  point  as  the  limit  of  eUuticity,  or 
any  strain,  however  small,  with  which  there  would   be   no 
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pennanent  set  (752),  and  2ad,  that  beams  and  pillars  of  CMt 
iron  nill  bear  not  Jrd  oalj,  but  -^^tba  of  the  breaking  weight 
aafely  tuid  without  increase  of  deflection  for  years  (905). 

(884.)  From  this  last  statement  it  would  appear  that  the 
Factor  of  Safety  might  be  Tory  much  less  than  3,  say  2,  the 
beam,  &c.,  being  then  loaded  to  half  the  breaking  weight,  and 
perhaps  this  might  be  permitted  if  we  knew  perfectly  the  actual 
ultimate  strength  of  the  particular  specimen  to  bo  dealt  with, 
but  this  must  always  be  an  anknown  quantity,  being,  in  fact, 
incapable  of  proof  cioept  by  loading  that  specimen  up  to  the 
breaking  point,  which  of  coarse  would  not  answer  the  purpose. 

From  the  variablenoBs  in  the  qualities  of  most  materials,  the 
assumed  Factor  3  becomes  c)ftcn  2,  or  even  1^  in  practice : — for 
example,  say  we  would  calculate  the  traoBverse  strength  of  a 
bar  of  cost  iron  3  inches  stiuaro.  It  is  shown  iu  (!)33)  that  the 
moan  specific  sti'ongth  of  a  3-incb  bar  is  only  G2  per  cent,  of 
the  strength  of  1-inch  bars  inaa  which  the  ordinary  Ualtiplier 
is  usually  derived  :  moreover,  by  (957)  and  Table  149  the 
niiniiiium  traiiBVLTKe  Btreuf;th  is  shown  to  ho  only  79  per  cent, 
iif  lliu  iiii'iiu  6ti'ci)j;tli,  of  which  tliat  multiplier  is  the  exponent. 
Ni.w  if  it  should  hiipi«n  that  our  3-inch  bar  is  of  weak  irou, 
tlic  Factor  3  would  really  become  in  cfl'cct  3  X  '62  X  ■7!t  = 
1  ■  17,  iir  /lbh  than  half  its  uBBuiued  value.  Considering  jiossible 
but  unknown  contingcnuies  from  mode  of  loading  and  other- 
wise, it  is  evident  that  oven  the  Factor  3  would  iu  that  case  be! 
too  low  for  safety, 

(H85.)  •'  Cast  7ro?i."— The  effect  of  size  or  thickness  of  easting 
is  thus  shown  to  bo  so  influential  that  it  becomes  cx]H.'dient  to 
cousid(.'r  it  separately  in  eacli  particular  ca^e,  because  if  wc 
adojited  a  Factor  sufficiently  high  to  cover  this  and  all  other 
contingencies  iu  the  case  of  large  castings,  that  I'aetur  would 
bo  higher  than  necessary  for  ordinary  sizes,  and  would  lead  U> 
a  costly  excess  of  strengtli.  Adopting  that  coui-se  but  alhiwiug 
for  variubloncBS  as  shown  by  Table  149,  then  the  Factor  3  for 
transverse  strength  becomes  in  cti'ect,  with  weak  burs  3  x  -71) 
=  2-37;  for  tinsilc  strength,  3  x  -7*.)  =  2-37  als,);  and  fur 
crushing  strength,  3  X  "G7  =  2-0.  These  reduced  values  bi'ing 
admitted  as  sufficient  for  safety,  wc  may  adopt  3  as  the  Factor 
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for  all  strains  with  ordinary  thicknesses  of  cast  iron,  applying 
subsequently  the  correction  for  size  of  casting  where  necessary 
(932).  For  example,  with  a  cast-iron  girder  whose  breaking 
weight  calculated  by  the  ordinary  Multiplier  (335)  is  30  tons, 
we  have  30  -^  3  =  10  tons  safe  load  if  the  thickness  of  metal 
differs  little  from  1  inch ;  but  if  the  thickness  (of  the  bottom 
flange  more  particularly)  is  about  2  inches,  we  have  10  x  *  72 
=  7*2  tons;  and  if  3  inches  thick,  then  10  X  '62  =  6*2  tons 
Bafe  dead  load. 

(886.)  "  Wrought  Iron"— The  Diagram, Fig.  215, shows  that 
under  tensile  and  compressive  strains  wrought  iron  practically 
fails  with  12  or  13  tons  per  square  inch,  the  extensions  and 
compressions  becoming  excessive  and  increasing  with  time. 
The  mean  tensile  breaking  weight  is  25  *  7  tons,  as  shown  by 
Table  1 ;  evidently,  therefore,  the  iron  begins  to  be  crippled  with 
half  the  breaking  weight,  and  2  would  be  too  low  for  the 
Factor  of  Safety  even  if  we  were  sure  that  the  iron  was  of 
average  quality.  Besides,  Table  149  shows  that  if  the  bar 
happens  to  be  of  weak  iron,  Factor  2  would  really  become 
2  X  *  77  =  1  *  54,  and  the  bar  would  be  very  much  overstrained. 
Factor  3  becomes  3  x  *77  =  2*3,  which  as  the  diagrams  show 
by  *  ♦  may  be  safely  permitted. 

We  may  therefore  admit  3  as  the  Factor  of  Safety  with  all 
strains  on  wrought  iron : — thus  the  safe  tensile  strain  becomes  say 
25*7-4-3  =  8*6  tons  per  square  inch  with  bar  iron ;  and 
21*6  ^3  =  7*2  tons,  with  plate  iron,  &c. 

(887.)  ^^ Steel"  —  The  elasticity  of  steel  under  transverse 
strains  is  wonderfully  perfect  as  shown  by  the  Diagram, 
Fig.  211,  where  a  bar  of  untempered  steel  shows  no  appreciable 
signs  of  distress  with  even  Jths  of  the  ultimate  strain,  or  that 
with  which  the  bar  sinks  down  completely.  In  such  a  case  we 
might  admit  that  the  bar  might  be  loaded  safely  to  ^  the 
ultimate  strength,  or  that  the  Factor  might  be  =  2.  But 
Table  149  shows  that  the  variableness  in  the  tensile  strength 
of  steel  is  very  great,  namely  *  68,  the  mean  strength  being  1  *  0, 
hence  if  a  weak  bar  is  loaded  with  ^  the  ultimate  load  due 
to  an  average  bar  it  would  evidently  be  strained  to  ^  -7-  *  68 
=  *  73,  or  but  little  less  than  f  of  its  own  ultimate  strength, 
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and  this  would  bo  too  near  the  crippling  etnin  to  be  admitted 
BtSely. 

We  may  therefore  ollow  3  as  the  Factor  of  Safety  with  nil 
Btraiufi  on  Steel :  with  a  weak  bar  this  wonld  in  oSect  be  reduced 
to  8  X  *  6B  =  2,  giving  thus  the  eafe  load  at  ^  the  ultimate 
Btrcngth,  and  this,  an  the  diagrauie  show,  may  be  permitted 
safely. 

(888.)  "  rimftw."— With  Timber  it  in  neceseary  in  fixing  the 
value  at  Oio  Factor  of  Safety,  to  provide  not  only  for  variable- 
nesB  in  the  strength  common  to  all  materials,  but  also  for 
deterioration  from  age  and  for  decay  from  esposure  to  the 
elements,  which  is  quite  another  matter.  To  cover  nil  tlioMi 
contingencies  it  becomes  expedient  to  adopt  a  higher  Factor 
than  would  otherwise  be  necessary :  we  will  take  it  at  fi  wt  a 
mean  for  dead  loads. 

(889.)  "  Effect  of  Age."—The  effect  of  agti  may  bo  oeccrtained 
^proximately  (ttxa  the  experimeate  in  Table  1 : — JSi.  Buvui 
found  as  a  mean  of  two  eiperimente  the  tenmle  strength  of 
ordiuiiry  Oak  to  liu  17,100  lbs.  per  square  inch,  while  old  Oak 
gave  1  l.flOO  11.S.,  or  80  pev  cent.  By  Tabic  U'.l  t!ic  iiiiniiumn 
tensile  sfriiiytli  is  "72,  the  Fact..r  5  weiilil  Iheicforc  in  t!ii; 
case  of  t.1.1  and  iceiik  .lak  be,  in  effect,  rcductil  lo  5  x  -H  x  -T'l 
=  '2-8S.  nliifh  however  is  not  too  low  for  wifet.v.  The  ircin^- 
irrse  strenjith  of  young  oalc  or  value  of  Mt  is  Wi  lbs.,  niid  r.f 
old  oak  (iCO  lbs.,  iicconling  to  the  experiraeiits  of  Trcdgnld, 
hence  old  cwik  is  only  08  per  cent,  of  the  etrongth  of  vouni;  iwk, 
and  the  niiuiraimi  trnnsverso  streiif^tb  licing  ■7-J  by  Table  111', 
Fact^ir  T,  is  in  effect  reduced  to  5  X  "OS  X  -7:2  =  2 '45  in  thi 
case  of  old  and  weak  oak,  n<)t  very  diilereut  from  the  result  we 
obtained  fmra  the  tensile  wtrengtli,  which  cniiic  out  2'88. 

'I'he  mean  tensile  Btreiij;th  of  Teak  is  15.01)0  lbs.  per  S<Xuore 
inch,  Imt  of  old  Teak  HMO  lbs.  (Hily,  or  55  ^ht  cent.  :  hence 
Factor  5  l.ecomcB  iu  effect  5  x  "55  x  -1)7  =  2-67. 

We  Lave  here  taken  extreme  cases ;  with  erdiunry  care  in 
selection  Timlver  need  never  bo  weaker  than  we  have  assumed, 
and  Factor  5  may  be  taken  as  suf&eient  fur  safety  for  all  strains 

(890.)  "  Effect   of  Decay."  —  The   effect  ef  decay  on    the 


FACTOR  OF  SAFITT:  8T0NB,  BBIOKWOBK,  BTO.      469 

strengih  of  timber  exposed  to  the  destractive  action  of  the 
elements  is  very  difficult  to  estimate,  there  being,  in  fact,  no 
limit  to  the  extent  to  which  the  material  may  be  weakened  from 
that  cause.  Mr.  Bevan  found  that  Oak  from  an  old  pile  taken 
out  of  the  bed  of  a  river,  had  a  tensile  strength  of  4500  lbs.  per 
square  inch  only,  which  is  23  per  cent,  only  of  the  mean  strength 
of  sound  oak.  If  it  is  deemed  necessary  in  any  structure 
exposed  to  air  and  water,  to  provide  for  the  eventuality  of  decay, 
the  Factor  of  Safety  should  not  be  less  than  10  for  a  dead 
load,  when  the  mean  strength  of  sound  timber  is  taken  as  the 
basis  of  calculation : — evidently  in  the  case  of  Mr.  Sevan's  oak 
pile  that  factor  would  in  effect  be  reduced  to  10  X  '23  =  2*3. 

(891.)  "/Stone,  SlcUe,  Brickwork,  dc" — Except  for  the  crush- 
ing strain,  our  experimental  knowledge  of  these  materials  is 
limited,  and  we  have  little  else  but  judgment  to  guide  us  in 
fixing  the  value  of  the  Factor  of  Safety : — they  are  all  weak  in 
resisting  Impact,  and  as  in  many  cases  an  unexpected  blow  may 
have  to  be  borne,  it  will  be  well  to  make  the  Factor  higher 
than  would  otherwise  be  necessary,  say  4.  Table  149  shows 
that  for  brick  exposed  to  transverse  strains  4  may  become  in 
effect  4  X  *  75  =  3  with  a  weak  specimen ;  and  that  for  crush-  ' 
ing  strains  4  may  be  reduced  to  4  x  *  5  =  2  in  the  case  of  Bed 
Sandstone;  and  to  4  x  '58  =  2*32  in  the  case  of  Oranite. 
These  reduced  numbers  show  that  it  is  not  prudent  to  adopt  a 
Factor  lower  than  4  for  these  materials. 

(892.)  Collecting  these  results,  we  obtain  for  ordinary  cases 
the  series  of  Batios  and  Factors  of  Safety  in  Table  137. 
Special  cases,  which  are  very  numerous,  require  special  Factors 
obtained  direct  from  experience,  and  this  is  very  often  the  only 
safe  course ;  the  modifying  circumstances  are  in  practice  so 
numerous  and  so  complex  that  satisfactory  results  are  not  to  be 
obtained  in  any  other  way.  Table  138  gives  the  Batios  of  the 
Breaking,  Proof,  and  Working  Loads,  with  special  reference  to 
Bailway  Bridges,  &o,,  according  to  the  judgment  of  our  most 
eminent  Engineers,  as  given  in  Evidence  before  H.M.  Com- 
missioners. Of  these,  B.  Stephenson,  .W.  Fairbaim,  J.  Hawkshaw, 
J.  Cubitt,  and  P.  W.  Barlow,  have  adopted  the  Factor  6,  as  the 
best  for  general  Bailway  purposes.    It  is  shown  in  (491)  that 
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Taolb  137.— Of  the  Ratios  of  tha  RnBAKrsn  Weight,  Proof  Stiaik, 
and  WoHKitio  Load  for  diOerect  MaLerials;  also  the  Factob  of 
Sapktt  :  sU  for  Dead  Loads. 
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wiih  very  large  stmctures,  the  highest  passible  Factor  =  4,  being 
limited  by  the  great  weight  of  the  Beam  itself. 

PROOF  STRAIN. 

(898.)  The  great  object  of  testing  or  proving  Materials  is  to 
obtain  thereby  a  guarantee  that  they  will  safely  bear  the  per- 
manent load  assigned  to  them.  To  secure  that  purpose  satis- 
factorily it  will  not  suffice  to  test  up  to  the  working  load  only : 
it  is  necessary  to  allow  an  excess  of  strength  to  cover  the 
possible  contingencies  of  irregularities  in  loading,  or  imper- 
fection in  quality.  In  considering  the  proper  value  of  the 
'*  Proof  Strain  "  there  are  two  different  bases  to  calculate  from, 
1st,  by  making  the  Proof  Strain  a  given  fraction  of  the  Break- 
ing Weight,  and  2nd,  by  making  it  a  given  multiple  of  the 
working  load.  If  the  Factor  were  constant  for  all  materials, 
the  two  methods  would  be  identical  in  their  results ;  but  as  we 
have  seen,  that  Factor  has  a  variable  value,  which  alters  the 
case.  Thus^  say  we  take  the  Factor  at  3,  and  allow  the  Proof 
Strain  to  be  half  the  breaking  weight;  then  the  Breaking, 
Proof,  and  Working  Strains  would  be  in  the  ratio  1,  ^,  •},  the 
Proof  Strain  being  ^  -^  J  =  1  •  50,  or  60  per  cent,  in  excess  of 
the  working  load.  But  with  Factor  5,  if  we  made  the  proof 
strain  half  the  breaking  weight  as  before,  we  should  evidently 
have  1,  ^,  I  as  the  ratios  of  the  three  strains,  and  in  that  case  the 
proof  strain  would  have  been  ^  -^  ^  =  2*  50,  or  150  per  cent  in 
excess  of  the  working  load. 

(894.)  Considering  that  the  special  object  of  testing  has 
direct  reference  to  tiie  safe  endurance  of  the  working  load,  it 
seems  expedient  to  take  that  load  as  the  basis,  rather  than  the 
breaking  weight. 

The  earlier  authorities  considered  that  ^rd  of  the  breaking 
weight  was  the  "  limit  of  elasticity,"  and  that  materials  would 
be  permanently  injured  by  heavier  strains.  Although  that  con- 
clusion has  been  proved  to  be  incorrect  (883),  the  notion  still 
lingers  in  the  minds  of  practical  men,  some  of  whom,  such  as 
Brunei,  object  to  the  testing  of  materials  beypnd  the  permanent 
working  load  which  they  are  intended  to  carry.  This  would, 
however,  be  an  obviously  unsafe  practice,  for  there  might  be 
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some  latent  defect  in  design  or  qnalitj,  BDcb  that  tlie  Btrnctore 
would  break  with  a  Etruiu  very  little  in  eio^BB  of  the  working 
loftd,  and  if  in  practice  that  load  ahonld  from  Borne  nnespected 
cause  lie  a  little  greater  than  was  aaeigned  to  it,  utter  fiulnre 
might  result.  It  is  therefore  highly  necessary  that  the  Proof 
Strain  should  be  considerahly  in  eiceBS  of  the  working  load,  BO 
as  to  loavo  a  murgin  for  contingencies.  On  the  other  baad,  it  is 
not  prudent  to  overstrain  the  material : — Mr.  Fairbaim  says, "  I 
am  not  an  advocate  for  testing  girders  much  beyond  their  per- 
manent iiMid" ;  howeyer,  he  takes  the  working  load  at  i  or  J 
of  the  breaking  weight,  and  the  proof  strain  at  ^  or  ^  of  the 
breaking  weight.  Hence  the  proof  stmin  would  be  in  one  case 
i  -T-  i  =  1  ■  33,  or  33  per  cent.,  and  in  the  other  case  J  -7-  J  = 
I '  50,  or  50  per  cent,  in  eseesa  of  the  working  load. 

(895.)  Most  of  the  Engineers  whose  opinions  are  given  in 
Table  138,  consider  half  the  breaking  weight  to  l>o  the  extreme 
limit  to  which  materials  ahoold  be  tested.  If  wo  admit  that  the 
Proof  Strain  should  be  60  per  cent,  in  excess  of  the  working 
load,  then  with  Fact.>r  3  wo  should  liavo  1  -^  3  x  1-50  ='5, 
or  hiilf  tliu  brcakiujJ!  weijjlit,  which  agrees  with  the  opinion  of 
the  emini'iit  Eiiginoers  in  that  Table.  Moreover,  the  varioas 
Diagrams  and  Tables  show  that  with  a  strain  of  half  the  break- 
ing WL'ight  there  is  uo  cxecssivo  deflection  or  permanent  set, 
which  proves  that  the  materials  are  not  overstrained.  With 
Factor  4  we  ghouhl  have  for  the  proof  strain  1  -^  4  x  1  '50  = 
■37ri,or;|th8;  and  with  Fnttor  5,  1-^5  x  1-50  = -3,  or -li.ths 
of  the  breaking  weight  respectively ;  being  in  both  cases  less 
than  half. 

Wo  may  therefore  ailmit  that  the  Proof  Strain  should  lis 
50  jier  et'iit.  in  cs:;eBH  of  the  pcriiiftntnt  or  working  loail,  giving' 
thus  a  gi"id  margin  fur  eontingoncies,  without  unduly  stntbiiiij^ 
the  mail; rial. 


(89C.)  ''  Factor  dflcrmincd  by  Ttgl-hars." — In  largo  eoutraets 
for  eOKt-irou  ginlern,  sleepers,  &c.,  fur  Itailway  and  otlicr  pur- 
joses,  it  is  usual,  ju  order  to  secure  a  high  standard  of  strength, 
lud  uuii'iinuily  theruiu,  to  have  test-bars  cast  from  the  same 
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iron  as  that  iiBed  for  the  Girders,  nsnallj  two  or  three  times  a 
day  at  given  intervals.  These  sample  test-bars  are  then 
subjected  to  transverse  strain,  and  the  breaking  weights  are 
required  to  come  up  to  a  certain  standard  load  fixed  by  the 
Engineers,  the  Girders  being  rejected  if  the  test-bars  fail  to 
come  up  to  that  standard.  Thus  the  *'  Factor  of  Safety "  is 
determined  by  Test-bars. 

Another  test-standard  is  to  give  a  certain  minimum  tensile 
strength  for  the  iron,  in  which  case  the  iron  used  for  the 
girders  is  cast  at  intervals  as  before  in  forms  suitable  for  being 
torn  asunder,  and  is  required  to  bear  a  given  strain  per  square 
inch. 

(897.)  It  has  been  doubted,  however,  whether  the  strength  of 
girders  of  ordinary  sections  will  be  simply  proportional  to  the 
transverse  strength  of  such  "  Test-Bars,"  or  to  the  tensile 
strength  of  the  iron  as  thus  taken.  Mr.  Berkley  made  some 
valuable  experiments  for  the  purpose  of  settling  this  question, 
the  reduced  results  of  which  are  given  by  Table  139.  The 
girders  were  all  of  the  ordinary  double-flanged  type  recom- 
mended by  Mr.  Hodgkinson  and  used  in  his  experiments,  the 
depth  being  5|^  inches  and  the  length  4^  feet  between  bearings, 
the  other  dimensions  are  given  by  Figs.  197,  198,  199.  Thus 
No.  4  broke  with  16,730  lbs.,  or  8346  lbs.  per  square  inch  of 
sectional  area,  when  the  test-bar  (cast  from  the  same  iron), 
2  inches  deep,  1  inch  wide,  broke  with  25  cwt.  in  the  centre, 
and  the  tensile  strength  =  7  *  142  tons  per  square  inch. 

(898.)  By  judicious  mixture  a  stronger  iron  was  obtained 
which  gave  36  cwt.  for  the  transverse  strength  of  test-bar,  and 
a  tensile  strength  of  13*3  tons  per  square  inch,  as  in  No.  6 ; 
and  the  question  was  whether  the  girders  would  be  stronger  in 
the  ratio  of  the  transverse  strengths  36  to  25,  or  in  that  of  the 
tensile  strengths  13*3  to  7*142.  By  the  test-bar  ratio  the 
girder  in  the  strong  iron  should  break  with  3346  X  36  -^  25 
=  4818  lbs.  per  square  inch  of  section,  but  the  actual  breaking 
weight  was  5309  lbs.,  hence  4818  -r  5809  =  *  908,  showing 
a  deficit  by  the  test-bar  Batio  of  1*0  -  -908  =  -092,  or  9'2 
per  cent. 

Again:  by  the  tensile  ratio  we  obtain  3346  x  13*3-7-7*142 
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TiBLB  189. — Of  the  Kblationb  between   the  Strekoto  of 
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latcd  iu  tliis  wny,  and  hlmw  that  the  strength  of  the  gii-dcre  do 
not  follow  preeiKily  or  even  very  uearly  thu  i-atiii  of  the  tnuiB- 
vorse  strength  of  tlio  iron  as  indicattil  by  ti>st-hiii-s,  neitber  docs 
it  follow  the  ratio  of  the  toiiBile  strength  of  the  iron.  Tbo  test- 
harM  or  bcaniH  give  tbo  liuBt  rosiiltii,  ami  tb<:^  siifi^Rt,  being  always 
Irgg  tliftu  tbo  oxi>crimoiitiil  etrength  of  the  girders,  vnrying  from 
-  1-7  to  -  23-8  pereout..  asiii  eol.  9.  The  calnilationa  from 
the  tennilo  Btreiigth  give  in  fowr  eases  out  of  sis,  errors  in  csccss, 
in  one  ciisc  to  the  extent  of  2G  per  cent.,  as  in  eol,  11,  Wo 
sliotild  have  exjieeted  that  with  ginlers  of  such  a  section  failure 
would  ensue  fioin  the  nipture  of  the  bottom  flange  uiider  tousile 
strain,  and  that  the  strength  would  bo  <l(iiriiuated  hy  tlie  tensile 
ratbei-  than  by  the  transvorso  strength  of  the  iron,  but  experi- 
ment shows  tbnt  this  is  not  the  case. 

(!J0O.)  With  Ml-.  Stirling's  toughened   c.ist  iron  {038)  the 
mean  transverMO  strength  of  test-ljars  showed  an  increase  of 
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GiBDEBS,  and  tbe  Tbansyebse  and  Tensile  Stbength  of  tbe 
Test-baes. 


Calcnlated  from 
Tensile  Strength. 

Increase  in  Strength  per  Cent 

' 

Lbs.  per 

Square  Inch 

of  Section. 

Difference 
per  Cent. 

Tensile. 

Crushing. 

Test-bar. 

Girder. 

Authority. 

4613 
5288 

5088 
6231 

5990 
7931 

(10) 

-  7-2 
-t-  6-2 

•  • 

-  3-4 
+  17-4 

+2*0  1 
+26-0 

(11) 

00-0 
43-5 
64-5 

00-0 
52-0 
86-2 

00-0 
47-0 
95-1 

(13) 

00 
37 
34 

00 
17 
35 

00 
26 
43 

(13) 

00 
20 
34 

00 
20 
44 

00 
20 
52 

(10 

000 
51-7 
51-7 

000 
57-3 

58-7 

000 
22-4 
54-6 

(16) 

Fairbaim. 

Berkley. 

Berkley. 

Fairbaim. 

Berkley. 

Berkley. 

Fairbaim. 

Berkley. 

Berkley. 

60  per  cent,  oyer  ordinary  cast  iron,  while  the  tensile  test  gaye 
74  per  cent.,  as  in  col.  5  of  Table  143 ;  bat  when  cast  in  large 
girders  of  Mr.  Hodgkinson's  form,  the  increase  was  only 
36*6  per  cent.,  as  shown  by  Mr.  Owen's  experiments  in 
Table  68.  In  that  case,  therefore,  it  is  eyidently  unsafe  to 
calculate  the  strength  of  the  girders  from  either  the  transyerse 
or  tensile  test-bars.  This  is  the  more  remarkable  because  it  is 
the  reyerse  of  Mr.  Berkley's  results  with  ordinary  iron,  where 
the  transyerse  test-bars  gaye  too  low  a  result,  the  mean  of  col.  9 
in  Table  139  being  —  12*1  per  cent.  But  with  Stirling's  iron 
the  transyerse  test-bars  gaye  60  —  86*6  =  —  23*4,  and  the 
tensile  74  -  36*6  =  -  37*4  per  cent,  too  high  (940). 

(901.)  It  is  eyident  from  all  this,  that  the  ordinary  test-bar, 
and  tensile  tests  are  unsatisfactory  :  a  more  reliable  test  would 
be  giyen  by  the  use  of  "  Unit "  girders,  as  in  (485),  that  is  to 
say,  by  making  a  model  girder  to  a  small  scale  with  precisely 
the  same  cross-sectional  proportions  as  the  full-sized  girders, 
and  calculating  the  latter  from  that  of  the  model  in  the  manner 
explained  and  illustrated  in  (483). 

(902.)  In  cols.  12, 13, 14, 15  of  Table  139,  the  effect  on  the 
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Gilder  of  b,  given  incroaae  in  the  Teosile,  Grusbing,  and  Trano- 
verse  strengtlis  of  the  iroa  i§  §howii  more  clearly.  ThtiB  with 
Nob.  8,  9,  we  find  tliat  while  the  tensile  strength  is  increased 
47  per  cent.,  the  teat-boTB  &re  20,  and  the  girders  22 '  1  per  cent. 
A  further  tncrense  in  the  tensile  strength  of  95 '1  percent., 
produces  63  per  cent,  in  the  test-bars,  and  51*  6  per  cent,  in 
the  girders,  Ac.  The  crashing  strain  in  col.  7  was  cahmtaUd 
from  the  eiperimentftl  tensile  and  transverse  strongtha  by  the 
Bule  ('lOS),  in  the  absence  of  direct  experiment. 


CHAPTER  XXIII. 


(903.)  **  Omoni  Prinefpfet." — Expenmenta  han  ohown  ttat 

when  niatoriBls  are  subjected  to  htnvy  strnine  of  anj*  kind,  thcj 
uianiftot  distress  in  scMnil  wnys.  Ist,  whwo  the  load  is 
constant  by  tliL  L\tt  n'.ion--,  dtflictious,  &c.,  increasing  with  time. 
2ud,  when,  the  load  is  jimgri.'fsivi.ly  increased,  by  the  deflec- 
tions &i. ,  increasing  in  a  higher  ratio  than  the  strains.  3rd,  by 
taking  n  "  PLnnunLiit  set"  (7j1)  4th,  by  eventually  breaking 
or  giving  way  with  a  strain  much  belnw  the  normal  sti-ength  of 
the  Material,  as  the  result  of  lung-cuntinuuil  and  oft-repealed 
intermittent  strains.  These  results  of  over-strain  may  bo  aptly 
expressed  by  the  genei-al  term  "  Fatigue." 

This  subject  may  be  considered  uniler  two  heads,  1st,  Statical 
fatigue  from  a  long-eon  tinned  dead  load ;  2ud,  Dynamic  fatigue 
from  a  rolling  or  moving  load,  which  acts  more  or  less  with 
Impact  {WI). 

Statical  FaH'jiie. 

(901.)  This  case  may  bo  divided  into  two  branches.  Ist, 
where  a  heavy  and  invariable  dead  load  is  borne  for  a  long 
time  contiiiiiciasly.  2iid,  where  the  load  is  intermittent  anil 
variable,  being  alternately  and  frequently  laid  on  and  relieved 
wholly  or  partially,  but  without  imjMiet  or  shock. 
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^* Constant  Load" — The  effect  of  constant  tensile  strains  on 
wrought  iron  is  shown  by  cols,  4,  4,  in  Tables,  94,  95 ;  thus,  by 
the  latter,  with  17*86  tons  per  square  inch,  fatigue  was  mani- 
fested by  the  extensions  continuing  to  increase  with  time,  but  at 
a  diminishing  rate :  the  1st  hour  gaye  an  increase  of  14*5  per 
cent.;  the  next  15*5  —  14*5  =  1  per  cent;  the  next  16*3  — 
15*5  =  0*8  per  cent.,  &c.,  up  to  7  hours,  when  it  continued 
constant  up  to  10  hours.  Even  with  the  heavy  strain  of  22  *  63 
tons  per  square  inch,  or  about  22*63  ~  25*7  =  *88,  or  88  per 
cent,  of  the  breaking  weight,  the  extensions  increased  only  *  08 
per  cent,  in  7  hours,  and  then  remained  stationary  up  to  12 
hours.  It  would  seem  from  this  that  fatigue  manifests  itself 
with  moderate  strains  even  more  than  with  heavy  ones,  which 
is  very  remarkable. 

(905.)  Mr.  Fairbaim's  experiments  on  cast-iron  bars  strained 
transversely  lead  to  the  same  conclusion ;  it  was  found  that  in  a 
series  of  bars  subjected  to  constant  dead  loads  for  long  periods, 
those  with  the  lightest  loads  manifested  the  most  distress  from 
fatigue  by  increase  in  deflections  ;  thus  when  strained  to 

62  75  88  100  nearly 

per  cent,  of  the  ultimate  or  breaking  weights  for  periods  of 

4i  5  5  5 

years,  the  increase  in  deflection  from  fatigue  in  those  times  was 
141  11-4  8'6  2-8 

per  cent,  respectively ;  these  were  the  maximum  results  in  each 
case.  It  was  found  that  the  deflections  increased  the  most 
considerably  during  the  first  weeks  and  months  up  to  12  or 
15  months,  and  then  became  constant  or  nearly  so.  One  bar 
loaded  up  to  the  very  breaking  weight  for  5  years,  had  not  any 
greater  deflection  than  it  had  taken  3  or  4  years  before,  and 
Mr.  Hodgkinsoif  concludes  that  it  is  probably  a  law  with  cast 
iron  that  the  deflection,  &c.,  will  go  on  increasing  with  time  at 
first  until  it  becomes  a  certain  quantity,  beyond  which  it  will 
no  longer  increase,  but  becomes  stationary: — We  have  seen 
(904)  that  wrought  iron  under  tensile  strains  seems  to  follow  a 
similar  law. 
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(006.)  Mr.  Fairbaira  made  Bimilar  experiments  od  tho  povtir 
of  ca&t-iion  pillars  to  enstain  loDg-coDtinued  etmins  :^they 
wei«  1  inch  diameter,  6  feet  long,  nitb  roondod  eada,  were 
loaded  with 


cwt8.,  whicli  is  ecjnivalont  to 


pel  cent,  of  tlie  breaHiig  weight,  as  found  by  direct  experiment 
on  similar  pillars.  The  pillar  loaded  with  13  cwt.  bore  the 
Btrain  for  6  or  6  months  and  then  broke  :— the  others  bore  tlieir 
respective  loads  for  3  years,  and  thoir  defloctioog  were  then 

0-01  0'025  O'lOS  — 

inch.    The  deflection  of  tie  pillar  with  10  cwt.  was  ■  230  inch 
wi»D  first  tak«D,  Hul  after  each  suooeeaiTe  year  it  became  -3Wr  • 
■380,  and  '409  inch  reftpoctively. 

(HOT.)  The  {^cneriil  rcsulls  swiu  to  bo  : — 

let.  Tliftt  fho  elasticity  is  ftflw-ti;d  by  fatigue  from  a  dead 
load,  but  up  to  a  certain  oxtcat  only,  and  within  a  liuiitcil  time ; 
that  in  to  Fjiy,  the  estensioua,  Ac.,  do  m)t  ti"  eu  iuuri.'iL'^iug  with 
time  iudi'liiiitirly,  nor  to  an  unlimited  extent,  terminated  only 
by  fracture  ;  but  that  lioth  are  limiteil. 

!2iid.  That  tlie  nllmale  strength  aud  deflection  are  not  afl'ected 
by  fatigue,  both  being  the  same  whethiT  the  material  is  bnikin 
suddenly  or  aftiT  u  Icmg-Biistainod  and  heavy  dead  load. 

3rd.  That  on  emergency  materials  may  be  fiafidy  wtraiueil  tf 
a  miicb  greati'r  extent  than  was  admitted  by  Tredguld  and  othtr 
earlier  authorities  : — tUey,  finding  that  with  leadM  greater  thno 
,\rd  of  the  breaking  weight,  the  extcusimis,  itc,  continually 
increaxod  with  a  constant  load,  stippoiwd  that  this  iucK-ose 
would  go  on  indefinitely  until  rupture  ensued,  ivhereas,  as  we 
have  seen,  although  it  may  go  on  incronsiui;  for  a  long  time, 
even  years,  it  decs  so  in  a  continually  diminishing  ratio  until  in 
a  certain  limited  time  it  ceases,  or  becomes  constant. 

(908.)  "  Variable  Load."— Wo  have  seen  that  when  tho  load 
is  Constant,  materials  seem  to  be  capable  of  bearing  strains 
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ap^roziinating  to  the  breaking  weight  for  indefinite  periods 
without  apparent  injury.  But  where  the  load  is  yariable,  being 
wholly  or  partially  relieved  and  laid  on  again  continuously,  the 
case  is  entirely  altered. 

This  case  divides  itself  into  two  very  different  conditions. 
1st,  where  the  load  is  variable,  but  acts  in  one  direction  only 
as,  for  instance,  with  the  rods  of  single-acting  pumps ;  and,  2nd, 
strains  acting  alternately  in  opposite  directions,  as  is  the  case 
with  double-acting  pump-rods,  and  many  of  the  parts  of  ordinary 
steam-engines: — ^for  example,  in  a  piston-rod  the  strains  are 
alternately  tensile  on  the  down-stroke  and  compressive  on  the 
np-stroke,  &c. 

(909.)  "  Load  in  One  Direction  only" — This  case  must  be  sub- 
divided into  two  different  conditions.  1st,  " Intermittent  Strains" 
where  the  load  is  entirely  relieved  and  laid  on  again  con- 
tinuously without  shock ;  and,  2nd,  '*  Differential  Strains"  where 
the  load  is  intermittent,  but  is  only  partially  relieved  at  each 
stroke. 

1st.  Wohler's  experiments  have  shown  that  where  the  load  is 
totally  relieved  each  time,  the  best  fibrous  wrought  iron  breaks 
with  tensile  strains  of  15  to  18  tons  per  square  inch ;  the  mean 
is  16*5  tons,  and  as  the  mean  strength  for  a  constant  dead  load 
is  25*7  tons,  as  shown  by  Table  1,  we  have  the  ratio  16*5  -^ 
25'7  =  '64  or  f  nearly. 

Soft  steel  was  found  by  Wohler  to  give  under  similar  con- 
ditions of  entirely  relieved  strain,  from  22*5  to  25  tons  per 
square  inch ;  the  mean  is  23  *  7  tons,  and  as  by  Table  1  the 
mean  tensile  strength  of  steel  for  dead  loads  is  47*8  tons,  we 
have  the  ratio  23  *  7  -7-  47 '  8  =  *  5,  which,  being  less  than  the 
ratio  for  wrought  iron,  seems  to  indicate  less  perfect  elasticity, 
and  must  be  incorrect.  We  will  therefore  assume  that  with 
totally  relieved  strains  the  breaking  weight  of  steel  is  f  of  the 
statical  breaking  weight,  or  the  same  ratio  as  for  wrought 
iron. 

(910.)  For  cast  iron  we  have  the  experiments  of  Mr.  Hodg- 
kinson  and  Captain  James,  the  leading  results  of  which  are 
given  in  Table  140.  In  James'  experiments  the  beams  were 
deflected  by  cams  revolving  from  4  to  7  times  per  minute ;  one 
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of  those  wM  a  step  cnm  wticli  gontly  deflected  tbe  bar  and  then  • 
Huddutilj  relieved  the  preesore  at  each  revolation ;  the  other 
WAS  K  common  eiceutrio  vith  a  notched  edge  intended  to  give 
(omo  vibnition  to  the  motion,  but  this  effect  would  be  very 
Alight,  nnd  oMentiallf  the  strains  may  be  regarded  as  statical 
ones.  TLe  deflections  proiinced  were  encb  aa  woald  have  been 
given  by  oortain  fractiona  of  tho  breaking  weight. 

With  the  step  cmn,  three  3-inch  bars  boro  vrithout  apparent  ' 
injury,  each  10,000  deflections  with  ^rd  tho  breaking  weight, 
utiu  bruko  with  35,486,  and  one  with  51,538  deSeotiona ;  auo^er 
wax  not  broken  with  100,000  deflec;tiou8.  This  last  bar  had 
ovideiitly  been  strained  very  nearly  iip  to  the  breaking  point, 
two  aimilar  bars  having  broken  with  a  gmallor  uumbor  of  dedeo- 
tioiiB,  and  yet  its  strength  was  not  impaired,  as  vaa  proved  by 
broakiug  it  afterwards  by  a  dead  load.  It  broke  with  2S31  Iba. 
in  tho  centre,  the  strougth  of  a  aimihir  now  bar  of  the  game  iran 
WM  3884  Ibo.  Kmiki-ljr  Uie  thi>ea  bus  which  bwe  10,000  da-  ^ 
flwtioiiB  witbnnt  failinff,  were  snbceqnently  broken  with  dead 
hwls;  the  ui.-,m  breaking  wuiglit  was  3050  lbs.,  new  and  un- 
Ktniimd  biu-N  lis  n-e  bave  ween,  breaking  with  2S31  lbs. 

('.til.)  Wi>  liiid  from  this  that  with  ail  iiitcTniilUut  load  off- 
and-.iii  without  sliock  and  in  one  direction  ouK-,  llic  breaking 
w.'i-ht  is  ',r.l  of  the  Statical  or  dead  h>ail,  for  allhoutjh  four  out 
of  Ibc  iii.\  hniM  oxporiniuiilud  npoiL  were  not  broken,  it  is  probable 
thai  thi'y  wonid  all  have  failed  with  a  greater  number  of  deflec- 
tions. It  ehonhl  he  observed  that  the  highest  uumhtr  of 
<;hanges  in  tli.'su  e^pcrim<;iits  was  very  iiuich  less  tliau  would 
occur  in  practice :— lor  instance,  witli  pnm^i-rods  making 
2-'i  Ktn>l£cfl  i*r  minute  for  10  hours  per  day,  wc  evidtnlly  have 
2ti  X  ISO  X  10  =  10000  cliaug<^s  per  day.  In  the  coiii-se  of  the 
years  whicli  such  rods  would  be  eiipected  to  last  without  break- 
ing, the  changes  would  amount  to  many  millions,  and  the 
strength  should  Iks  ailaptcd  to  these  jiractical  coudilions. 

Other  espcrimeiits  were  made  with  a  load  enuiil  to  .',  tlie 
statical  breaking  weight  variously  applied,  namely,  by  the  step 
cam,  tho  rough  cam,  and  a  traversing  load  passing  to  and  fro 
over  tlie  bciim,  but  so  slowly  as  not  to  produce  any  shock  as  a 
rapidly  rolling  load  would  do  (8U1).     With  one  csceptiun  the 
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Table  140. — ^Of  the  Resistance  of  Beams  to  Fatigue,  from  the 
ExPEBiMENTS  of  Mr.  HoDGKiNSON  and  Captain  James,  R.E. 


Siseeof  Ban. 

Fraction  of  the 

Changes  of 
Load. 

Depth. 
Inches. 

Breadth 
Inches. 

Length. 
Fe«t. 

Ultimate 
Deflection. 

Breaking 
Weight 

Effect. 

»l 
»> 
» 

» 
>» 
n 
>» 

»» 
1 

>» 
■» 


» 
I* 


»» 
>» 


2 


(1) 


8 

tt 
»» 


Cast-iron  Bars,  sotjeoted  to  Blows:  Hodgklnson. 


3 

18} 

i 

•488 

n 

>» 

n 

»» 

n 

>» 

i 

•645 

» 

>♦ 

tt 

»» 

2 

9 

t 

•456 

» 

»» 

•627 

»» 

»« 

» 

>» 

>» 

»» 

»> 

n 

>» 

>» 

1 

•780 

»» 

»» 

t» 

»» 

1 

4i 

} 

•434 

)) 

^» 

•606 

»» 

19 

A 

•684 

1,085 

4,000 

3,026 

127 

4,000 

8,965 

1,282 

29 

474 

127 

4,000 

4,000 

3,700 


Broke. 

Not  broken,  2. 

Broke. 

Broke. 

Not  broken,  2. 

Broke. 

Broke. 

Broke. 

Broke. 

Broke. 

Not  broken. 

Not  broken. 

Broke. 


Cast-iron  Bars,  Deflected  by  Boagh  Cam :  James. 


>» 
»> 


I 


10,000 
30,000 
28,602 


Not  broken,  8. 
Not  broken. 
Broke. 


Cast-iron  Bars,  Deflected  by  Step  Cam :  James. 


3 

13} 

i 

»i 

» 

n 

$9 

10,000 

25,486 

51,538 

100,000 

900 

617 

490 


Cast-iron  Bars,  Trarersing  Load:  James. 


31,380 

8,416 

96,000 

12,918 

7,250 

7,196 

(«) 


Not  broken,  3. 

Broke. 

Broke. 

Not  broken. 

Broke. 

Broke. 

Broke. 


3 

13} 

} 

>» 

tt 

tt 

2 

*« 
13} 

tt 

It 

If 

»> 

»t 

(2) 

t> 

(3) 

(V) 

»t 
(6) 

Broke. 

Broke. 

Not  broken. 

Broke. 

Broke. 

Broke. 


2  I 
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niUENTH  of  Ur,  UoDOKINsos  aod-CapUia  Jaues,  lt.E. — wnlinutd. 


Nit  broken. 
Not  brokmi. 
Broke. 


!0 

«) 

i 
i 

(51 

S.ISO.OOD 

»13,000 

I 


whole  of  these  ban  were  broken  with  from  490  to  61,638 

(iH2.)  "D'ffn-n,l!nt  WivrMin."— WitU  partliiily  rdiovcJ  or 
Difl'frential  striiiiis,  tlie  tlostructivi;  cffout,  or  toiickiicy  Ui  break, 
actHinling  to  WiiliUir's  cxpcrimt'uls,  is  prfijioitioiial  to  the 
difli;njnf(!  of  tlio  niiiximuni  mid  tuiiiiiuuiu  Btniius.  It  ik  stattd 
tiiat  ft  bar  of  ntccl  ivitli  tensile  strains  varying  continuously 
bctwucn  till!  extremes  (>f  40  niid  20  ton8  per  einiaro  inch,  ivill 
licar  tlioso  strains  fur  a  certain  time,  tiio  (liflVrencc  biitig 
40  -  20  =  toHK ;  but  if  tlie  load  of  40  tons  be  p^moVLil 
altogether  caeh  time,  tbcu,  nhli'iugh  tiic  mnximuiu  Rtrain  in  the 
anmo  as  before,  tlic  difference,  or  tlr>,lru,.-lire  (ftrl,  is  40  -  0  = 
40,  and  the  bar  will  break. 

It  was  alfi)  found  that  a  bar  of  Steel  loaded  alternately  with 
35  and  12^  tons,  the  dilTereiite  being  23^  tons,  ivould  he  siraiuwi 
toabuut  the  same  extent  as  by  alternating  loads  of  40  and  20  tons, 
H'here  the  diHerenec  in  20  tons. 

ITie  cfl'eet  of  lutermittcnt  and  Differential  Strains  may  k 
represented  by  the  Uulc: — 


(013.) 


Wb 


=  j  W  -  It)  X  !!.[ 
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In  which  W  =  the  maximum,  and  w  the  minimum  alternating 
loads ;  Wp  =  the  equivalent  dead  load :  Rq  =  the  Eatio  of  the 
efifect  of  an  Intermittent  load,  that  of  the  same  load  acting  as  a 
dead  weight  being  1*0  as  given  in  (909)  to  (911):  for  Cast 
iron  Bo  =  3,  for  Wrought  iron  and  Steel  =  f .  The  value  of 
Bo  for  other  materials  is  given  by  the  ''  Batios  "  in  Table  141 : 
thus  for  wrought  Copper  and  Brass,  Slate,  &c.,  it  is  =  2,  and 
for  Cast  Metals  generally  =  8. 

We  may  now  apply  Bule  (913)  to  Wohler's  experiments  in 

(912):  with  85  and  12^  tons  on  the  Steel  bar  W^  =|35  -12*5) 
X  f[  +  12*5  =  46*25  tons  per  square  inch,  as  the  equivalent 
dead  load :  with  40  and  20  tons,  we  obtain  Wi>  =  |40  -  20) 

X  f  [  +  20  =  50  tons  dead  load,   being  nearly  the  same  as 

the  other,  as  found  by  Wohler.  The  mean  of  the  two  is 
(46*25  +  50)-f-2  =  48'12tons  per  square  inch,  whichisalmost 
precisely  the  mean  tensile  strength  of  Steel,  which  may  be  taken 
at  48  tons  :  see  Table  1.  Wdhler  found,  as  we  have  seen,  that 
if  the  same  maximum  load  of  40  tons  be  wholly  relieved  each 
time,  the  bar  would  break,  which  it  would  be  very  likely  to  do, 

for  we  have  then  W©  =  (40  -  0)  X  t}  +  ^  =  60  tons  per 

square  inch,  equivalent  dead  load. 

(914.)  The  mean  Statical  Breaking  weight  of  Steel  being 
48  tons  per  square  inch  tensile  strain,  then  with  Factor  3  we 
have  48  -^  3  =  16  tons  working  dead  load,  which  with  an  inter- 
mittent strain  becomes  16  x  f  =  10*7  tons  ofif-and-on.  With 
dififerential  strains ;  we  may  find  the  efifect  of  dififerent  loads  by 
Bule  (913),  observing  that  it  must  never  exceed  Wd,  the  dead 
load  which  the  material  should  bear,  or  in  our  case  16  tons  per 
square  inch :  then 

With  10*7  and  0*0  tons,  the  difiference  =  10*7  tons,  and 

Wp  =  |l0*7  -  0*0)  X  §1  +  0*0  =  16  tons. 

2  I  2 


I 
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With  12-7  aud  6-0  tons,  the  difforoDCG  =6-7  tons,  and 
We=|]2-7  -  G-0)  X  3l  +  G-0  =  16  ton b. 

Witb  14-7  and  12'0  tone,  tlio  difference  =  2-7  tons,  and 
Wp  =  |l4-7  -  12-0)  X  ?[  +  12-0  =  16  long. 

Witb  15-7  and  16-0  tons,  the  difference  =  0-7  tooa.  and 

Wo  =  |l5-7  -  15-0)  X  tl  +  15-0  =  16  touB. 

With  nronght  iron  tlie  mean  Statical  Breaking  weight  = 
25-7  tona  per  eqnare  inch  Tensile  Btraia  by  Table  1 :  with 
Factor  3  we  have  25  -7  -^  3  =  8-  6  tons,  which  with  an  Inter- 
mittent load  beoomoa  g'6  k  <i  =  5-7  tona.  With  Role  (913) 
Wn  being  restrictod  to  8-  6  tons,  we  obtain  : — 

With  6-7  and  0-0  tons,  the  difibrenoe  =  5-7  tons,  and 

Wu  =  |5-7  -  0-0)  X  f|  +0-0  =  fi-R  tt>ns. 
With  C  ■  7  and  2  -  0  tons,  the  difference  =  3-8  tons,  and 

Wd  =  |g-7  -  2-9)  X  j|  +  2-9  =  8-C  tons. 
With  7-7  and  5-i)  tons,  the  difference  =  1'8  tuns,  and 

Wi,=  |7-7  -  5-9)  X  A  +  5-D  =  H-C,  tons. 
With  8-5  and  8-3  tons,  the  difference  =  0-2  ton?,  and 

Wd  =  |8-5  -  8-3)  X   ;:[  +8-3  =  8-6  tons. 

With  Cast  iroii,  tLo  mean  Statical  Tramccrsc  strcngtb  = 
2063  lbs.  (335)  ;  with  Factor  3  no  liavc  2063  -^  3  =  G88  lbs. 
working  dead  load,  wliieli  with  an  intermittent  strain  becomes 
688  X  I  =  229  lbs.  off-and-on.  By  Uulo  (013),  Wo  being 
restricted  to  G88  lbs.,  we  obtain 

With  229  and  0-0  lbs.,  the  difference  =  229  lbs.,  and 

Wb  =  |229  -  0)  X  3I  +  0  =  688  lbs. 
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With  458  and  353  lbs.,  the  difference  =  105  lbs.,  and 

Wd  =|458  -  353)  X  3I  +  363  =  688  lbs. 
With  600  and  556  lbs.,  the  difference  =  44  lbs.,  and 

Wd  =  |600  -  556)  X  3I  +  556  =  688  lbs. 
With  660  and  646  lbs.,  the  difference  =  14  lbs.,  and 

Wd  =  |660  -  646)  X  3I  +  646  =  688  lbs. 
With  685  and  683*5  lbs.,  the  difference  =  1*5  lbs.,  and 

Wd  =  |685  -  683*5)  X  3l  +  683*5  =  688  lbs. 

Oases  of  differential  Strain  are  very  nnmeroos  in  practice  : 
thus,  in  a  Bailwaj  bridge,  the  weight  of  the  stractnre  itself  is 
the  minimnm,  and  that  weight  plus  the  weight  of  the  train  is 
the  maximnm.  Again,  with  long  rods  to  deep-well  pumps  the 
maximum  strain  is  the  pressure  on  the  bucket  due  to  the  head 
of  water  added  to  the  weight  of  the  rods,  &o. ;  the  minimum 
strain  being  the  latter  alone,  &c, 

(915.)  **  AUemaUng  Strains,*^ — ^When  a  strain  is  alternately 
tensile  and  compressive,  as,  for  instance,  with  the  piston-rod  of 
a  steam-engine,  or  again,  when  the  transyerse  strain  on  a  beam 
acts  in  both  directions,  up-and-down,  resolving  itself  eventually 
into  alternating  tensile  and  crushing  strains,  the  destractive 
action  or  tendency  to  break  is  very  severe.  Indeed,  instinct 
teaches  us  that  the  easiest  mode  of  breaking  anything  is  to  bend 
it  to-and-fro  repeatedly,  a  very  moderate  strain  thus  exerted 
sufficing  to  effect  the  purpose. 

From  Wdhler's  experiments  it  appears  that  the  destructive 
effect  of  alternate  strains  in  opposite  directions  is  expressed 
by  the  sum  of  those  strains : — thus  5  tons  tensile,  alternating 
with  5  tons  compressive  strain  is,  in  its  tendency  to  break  the 
material,  equivalent  to  10  tons  acting  intermittently  or  off-and- 
on  in  one  direction  only. 

With  wrought  iron  we  found  in  (914)  that  the  safe  inter- 
mittent tensile  strain  was  5*7  tons  per  square  inch;  the  com- 


pressiye  Gtr&tn  would  bo  the  same,  or  5'7  tons  also,  becaosd  Uio 
tensile  and  crnehing  atrengtlis  of  wrought  iron  are  eqnal  to  one 
another  (377).  With  equal  strainB,  alternately  teosile  and  com- 
presaivo,  vie  should  have  therefore  5'7  -^  2  =2*85  tons  each 
way,  which  is  Jth  of  the  statical  breaking  weight,  and  is 
equivalent  to  2*  85  +  2'85  =  5'7  tone  off-and-on  in  one  direction 
only. 

(916.)  But  with  many  materials  the  resistance  to  theee  two 
strains  is  very  unequal,  as  ebown  by  Table  79,  and  this  &ct 
complicates  the  question  conBiderably.  Fnr  instance,  with  oust 
iron,  the  tensile  breaking  strain  is  7 '  14  Ions ;  Factor  3  gives 
7-14-r3  =  2-28  tone  statical  safe  load,  which  for  an  ititfir- 
mittcnt  strain  is  reduced  to  2-28  x  !,  =  -TCi  ton,  and  for  an 
altttmatiug  strain,  to  '76  X  J  =  ■  38  ton,  which  is  ^  of  the 
statical  breaking  weight. 

But  the  crushing  strength  of  oast  iron  is  43  tons,  henoo  the 
statical  safe  load  beoomos  48-^8=  14  -  3  ;  the  safe  intermitteat 
Btniiu  14-3  X  '  =  4'8  tous;  and  the  nlternating  or  crnshin!; 
ami  tousilo  strains  4'H  X  ^  =  ^-  t  tons  pur  si[imre  inch.  We 
have  just  scl-ii,  however,  that  the  altiTnating  tensile  strain  docs 
not  exceed  '38  tun  or  about  ,Mh  of  the  samu  kind  of  coniprcS' 
sivo  slruiu,  and  ive  lind  fnnii  this,  that  whore,  in  any  material, 
the  power  of  resietanec  to  these  two  strains  is  itiici|i)al,  the  cose 
in  governed,  and  the  alternatiitg  strain  limited  by  the  strength 
of  the  wiakt-r. 

(1117.)  Wo  Lave  here  Bupposcd  ihat  the  tensile  and  compres- 
Bivc  h.mU  arc  ciiw.xl  to  one  anotlur,  whieb  is  usually  the  ease  in 
pr.ictice  ;  fur  iustmice,  in  n  piston-rod  or  a  double-acting  pump- 
rod  the  tw<i  loads,  oi'  those  during  the  np-str.ike  mid  the  doivn- 
slroke,  are  practically  irqual.  l!ut  iu  sonic  cxcirptional  cases 
they  may  bo  so  UDcquul  as  1^)  enable  ns  to  iililise  the  wliiile 
sti'cngtli  of  tlie  material,  or  that  iu  both  directions ;  for  instance, 
with  eiiKt  iron,  a  coiupresMve  strain  of  '2'i  tons  per  s<{uaro  inch 
mi^dit  be  arranged  so  as  ti>  altei-nate  with  a  t^-'Hsile  strain  of 
'  38  toil.  But  iu  most  cases  the  two  loads  are  of  necessity  equal 
ti>  one  another,  anil  in  the  case  of  cast  iron,  -38  ton  would 
become  the  working  tensile  anil  compressive  strain. 

('J18.)  With  the  transverse  and  tomional  straiui;  the  com- 
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plication  which  arises  from  unequal  tensile  and  compressiye 
strength  in  the  material  is  eliminated,  for  although  the  former 
strains  resolve  themselves  eventually  into  the  tensile  and  com- 
pressive, the  inequalities  of  strength  adjust  themselves  to  one 
another,  and  the  transverse  strength  is  the  mean  e£foct  of  the 
two  combined. 

An  alternating  transverse  strain  is  very  common  in  practice  ; 
the  beam  of  an  ordinary  steam-engine,  and  the  lever  working  a 
double-acting  pump  are  familiar  instances.  Another  case  is 
that  of  an  over-hung  axle  heavily  loaded  at  the  end,  as  in 
Fig.  204 :  if  the  axle  were  stationary  it  would  simply  be  de- 
flected from  A,  its  normal  position,  to  B.  If  while  thus  strained 
the  axle  could  make  half  a  revolution,  it  would  evidently  be 
carried  round  to  the  position  0,  but  the  weight  W  continuing 
to  act,  it  is  retained  in  the  position  B.  Thus  at  every  revolu- 
tion, the  shaft  is  in  effect  strained  both  wxys,  or  up  and  down, 
namely,  from  B  to  C,  and,  as  shown  by  Wohler's  experiments 
(915),  the  destructive  effect  is  proportional,  not  to  A,  B,  only, 
but  to  B,  C. 

The  strain  in  this  case  is  peculiar,  1st,  although  intermittent 
and  alternate,  or  in  both  directions,  it  is  effected  entirely  without 
shock :  and,  2nd,  the  axle  is  strained  not  only  in  two  directions, 
or  up  and  down,  but  in  all  directions  equally,  which  would  pro- 
bably be  more  destructive  than  an  equivalent  strain  in  two 
opposite  directions  only. 

DTNAMIO  FATIQUE. 

(919.)  The  philosophy  of  dynamic  fatigue  may  be  easily 
explained :  let  Fig.  206  represent  an  unloaded  beam  A,  deflected 
8  inches  or  to  the  position  B,  by  a  strain  or  weight  of  8  lbs., 
being  1  inch  per  lb.  Now,  as  shown  in  (775),  the  mean  strain  is 
(8  +  0)  -7-  2  =  4  lbs.,  which  acting  through  8  inches  gives  as 
the  mechanical  power  producing  the  deflection  4  X  8  =  82  inch- 
lbs.,  therefore  a  weight  D  of  1  lb.  falling  32  inches  from  E 
to  B  would  deflect  the  beam  to  B  as  before — ^neglecting  inertia 
(781). 

If  the  elasticity  of  the  material  were  perfect,  the  bar  would 
sustain  any  number  of  similar  blows  without  injury  or  increase 
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of  deflection.  But  it  iB  shotra  in  (751)  tliat  wlien  a  beam  (of 
cost  iron  more  particularly)  is  defloctod  by  a  traiisverae  Btrain, 
it  nevor  returns  to  its  primitive  fonn  on  tbe  relief  of  the  etraiii, 
bnt  t&kea  a  permaDciit  set.  Now,  let  us  suppose  that  is  our 
case,  a  pcnnauest  set  of  1  inch  occurs,  so  th&t  when,  unloaded, 
the  beam  returns,  not  to  A,  but  to  O ;  if  then  again  loadd 
with  the  Bome  weight  of  8  lbs.  i^uiotly  liud  on,  the  bar  world 
de6ect  to  B  as  before,  and  the  mean  etrain  would  also  be  (0+8) 
-^3=4  lbs.  OB  before,  but  as  the  bFir  novr  deflects  with  that 
load  8  —  1  =  7  inches,  we  ehoold  hawe  4  x  7  =  28  iuch-ll«. 
only,  which  would  uot  absorb  the  whole  force  of  the  secoid 
blow  by  32  —  28  =  4  inch-lbs.  The  beam  would  therefore  le 
deflected  below  the  point  B  by  about  0*52  inch,  or  to  8'I3 
inches  below  A :  then  the  utcoo  titrain  during  the  second  bio* 
would  be  (0  +  8-62)  -r  2  =  4-26  lbs.,  which  acting  througt 
8-52-1  =  7- 62  inches  willgive4- 26  X  7-63  =  32  inch-lbs., 
OS  required.  f 

We  have  Bfcn  in  (752)  that  the  permanent  sot  is  nearly  pro- 
jwrtioual  to  tlie  etjunre  of  the  straiu  ;  if,  therefore,  the  deflection 
of  8  inches  gave  1  iuch  set,  8-52  inches  wenld  {;ive  1  X  8-5ii' 
-^  8'  =  1-13-1  iuch  sot.  The  third  blow  will  therefore  deflect 
the  beam  still  lower  than  before,  say  to  8  ■  58  inches,  or  the 
jwint  due  to  8' 58  lbs.  dead  load,  the  mean  strain  will  then  bo 
(0  +  8 ■  58)  -^  2= 4 ■  2(1  lbs.,  which  acting  thr..ugh  8 ■  58  -  I  ■  134 
=  7-440  inches,  will  give  a  resistance  of  4-21)  x  7-4'16  = 
32  inch-Ibe.  nearly,  as  I'equired. 

Tho  permanent  set  due  to  8-58  inches  deflection  will  bo 
1  X  8-68" -^8'  =  1-15  inch:  the  fourth  blow  will  thereforo 
deflect  the  bar  to  aay  8*6  inches,  the  mean  Rtraiu  being  thou 
(0  +  8-C)-i-ii  =  4-3  lbs.,  which  itcting  through  8- 6  -  1-15  = 
7  ■  45  inches,  will  give  a  resiatnuce  of  4  ■  3  X  7  ■  45  =  32  inch-lbs,, 
as  required. 

Thus  with  four  Bucccssive  and  equal  blows  we  have  deflections 
and  strains  of  8-0,  8-52,  8-58,  and  8-60  inches  rcspi^ctivdv, 
increasing  with  every  blow,  but  in  n  rapidly  diminishing  ratio, 
namely,  •  52,  ■  0(i,  and  ■  02  inch  reBjieetivuly.  Evidently, 
althoiigb  tlie  first  blow  may  have  strained  the  bar  to  a  email 
fraction  ouly  of  the  hreakiug  weight,  a  succcssiou  of  similar 
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blows  would  eyentnally  break  it :  in  fact,  it  becomes  a  question 
of  number  of  blows  as  much  as  of  amount  of  load. 

The  extreme  slowness  with  which  the  deflection  under  suc- 
oessiye  blows  increases,  shows  that  the  number  of  blows  neces- 
sary to  produce  fracture  may  be  yery  great,  extending  possibly 
to  millions  and  occupying  years  (911).  This  will  help  to 
explain  the  well-known  fact  that  parts  of  machinery  (such  as  a 
pump-rod)  often  fail  with  a  strain  which  is  a  small  fraction 
only  of  the  normal  breaking  weight,  and  one,  moreoyer,  which 
had  been  borne  successfully  for  many  years.  Thus,  the  fcu^t 
that  a  giyen  dynamic  strain  has  been  sustained  for  a  lengthened 
period,  is  no  guarantee  that  it  will  be  borne  for  oyer. 

(920.)  Where  a  load  literally  falls  upon  a  beam,  as  in 
Fig.  186,  its  effect  must  be  calculated  by  the  laws  of  Impact 
(789),  as  illustrated  in  (805).  Mr.  Hodgkinson  made  an  exten- 
siye  series  of  experiments  on  the  power  of  impact  with  cast 
and  wrought  bars  ;  many  of  his  results  are  giyen  by  Tables  121, 
122,  140,  &c.  The  experiments  in  Table  140  are  liable  to  be 
misunderstood ;  the  bars  were  subjected  not  to  giyen  fractions 
of  the  breaking  weights,  which  is  the  usual  and  most  conyenient 
course,  but  to  strains  producing  giyen  fractions  of  the  ultimate 
deflection  (696),  which  is  quite  a  different  thing  with  such  an 
imperfectly  elastic  material  as  cast  iron. 

From  the  Diagram,  Fig.  219,  in  which  the  deflections  up  to 
the  breaking  weights  are  shown  graphically,  we  find  that  bars 
1,  2,  and  3  inches  square  are  deflected  to  ^rd  of  the  ultimate 
deflection  by  '434,  *456,  and  '488  of  the  respectiye  breaking 
weights,  whereas,  of  course,  with  perfect  elasticity  we  should 
haye  had  ^  or  '  333  in  all  cases.  We  haye  thus  obtained  col.  5 
in  Table  140. 

(921.)  The  Table  shows  that  with  1-inch  bars,  4000  blows, 
deflecting  the  bar  to  ^  of  ultimate  deflection,  due  by  col.  5  to 
'434  of  the  breaking  weight,  failed  to  break  the  bar;  another 
bar  was  not  broken  with  4000  blows,  deflecting  it  to  ^  the 
ultimate  deflection,  due  to  *  606  of  the  breaking  weight ;  another 
broke  with  3700  blows,  deflecting  it  to  -j^  the  ultimate  deflection, 
due  to  *  684  of  the  breaking  weight. 

With  2-inch  bars,  two  bore  4000  blows,  deflecting  them  to  ^ 
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the  altuuBite  deflection,  Aaa  to  '456  of  tlio  breokmg  neight: — 
thrcu  others  were  all  broken  when  deflcctetl  to  if  the  ultininto 
dfsfltictiou,  due  to  -627  of  the  breaking  weight,  n-ith  29,  1283, 
and  36'J6  blows  respectively.  Two  others  with  §  of  the  nlti- 
inKt«  deflection,  duo  to  '78  of  the  breaking  statical  veight, 
broke  nith  137  and  Hi  blows  respectively. 

With  3-incL  bars  deflected  to  ^  the  ultimate  deflection,  dne 
to  '488  of  the  breaking  weight,  one  broke  with  1086  blows; 
two  others  were  not  broken  with  4000  blows  each.  Two  others, 
with  ^  the  ultimate  deflection,  due  to  'G45  of  the  breaking 
■weight,  broke  with  127  and  3026  blows  reapectiToly. 

These  bare  appear  to  have  been  stronger  in  resisting  impact 
than  those  experimented  upon  by  Captain  James  (910),  especi- 
ally considering  the  nature  of  the  strains  ;  wo  should  have  ei- 
peeted  that  a  given  defloetion  produced  by  a  Unw,  as  in  Mr. 
Eodgkiuscin's  oxperimonta,  would  havu  been  more  destractive 
,  than  the  samo  duflootioa  produoed  gently  by  *  coib,  as  in 
James'  eiperiments.  But,  in  the  former,  the  number  of  im- 
piiL-ts  H-iis  liiit  taiii.id  far  enough  to  exhibit  fully  Ihu  cfi'L-.'t  (if 
fUtiyiiu  ;  <iiie  of  tbu  bars,  hoivovur,  did  fuil  wit!.  .\  of  tht^  uUi- 
iiiatu  d.fluclion,  uii.l  witji  lOS.'i  UluiVK ;  possibly  the  othiTS 
would  liavo  I'ailtil  also  wilh  h  tjrcatiT  niii)ii>er  of  inipaets,  such 
us  would  o<:cur  in  i.rucliou  (,U11),  C.H'J). 

(U22.J  Wo  will  tlnrufiiru  rctuin  for  cast  iron  the  i-atio  of 
the  breaking  ititnrniitti.-ut  load  at  ^  of  the  Etaticnl  broakin}!: 
weight,  as  found  from  Captuin  James' cxpuriraeuts  (911);  the 
ratio  for  Stii;l  and  Wrought  iron  Wing  ;i,  as  in  (WJ). 

II  S  probably  represent  the  extremes,  steel  and  wrought 
r  I  I  V  g  tliu  most  iierfei-t  elasticity  of  all  tlie  nuiterialB  used 
n  tl  U,  ttnd  cast  iron  the  least  perfett.  We  have  no  experi- 
nitut  1  ufornmtion  for  other  materials,  but  supiJosing  them  lo 
ly  u  intermediate  poisition,  we  may  admit  fur  tliem  tlie 
rat  fornn  iutennittent  load  to  be  J  the  Stalieal,  uhieh  will 
ajiply  to  Timber,  wrought  mctalM,  sucli  m  Cupper,  Brass,  &c.. 
also  tu  Slate,  York-paving,  and  other  kinds  of  Sti>ne,  &v. 

For  cast  metals,  such  as  Copper,  Biitss,  Lead,  Ac,  no  may 
adopt  the  ratio  \  as  for  cast  irou. 

(923.)  '•  Fali'ifiw  from  llAUwj  lofld."— The  oEfeet  of  a  rolling 
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load  in  straming  a  beam  is  shown  in  ^^2),  &c.,  to  depend 
on  the  horizontal  velocity;  at  very  low  speeds  the  effect  is 
similar  to  the  action  of  a  cam,  which  qnietly  deflects  the 
beam ;  but  as  the  velocity  rises  the  deflection  increases  until, 
at  a  certain  velocity  varying  with  the  span  of  the  beam  and  the 
elasticity  of  the  material,  the  deflection  becomes  double  that  dne 
to  the  same  load  acting  statically,  or  as  a  dead  load.  We  may 
therefore  admit  that  a  rolling  load  shoxQd  not  exceed  ^  the 
stflttical  or  dead  load  nnder  otherwise  similar  conditions,  and 
this  ratio  may  be  applied  for  all  ordinary  cases. 

Thns,  by  Table  66,  the  Transverse  strength  of  wrought  iron 
is  4000  lbs.  breaking-down  dead  load ;  wiUi  Factor  3  we  have 
4000  -^  3  =  1333  lbs.  safe  dead  working  load.  Therefore, 
1333  X  f  =  888  lbs.  intermittent  dead  working  load,  and 
888  X  i  =  444  lbs.  rolling  or  dynamic  working  load.  This 
last  is  -}th  of  4000  lbs.,  the  Statical  Breaking-down  load. 
Again,  with  Cast  iron,  the  transverse  strength  for  dead  load  is 
2063  lbs. ;  with  Factor  3  we  have  2063  -f-  3  =  688  lbs.  safe 
dead  load,  688  X  ^  =  229  lbs.  intermittent  load,  and  229  X  i 
=  115  lbs.  rolling  load,  which  is  -^ih  of  the  statical  breaking 
weight.  Again,  with  English  Oak,  the  transverse  strength  for 
dead  load  is  509  lbs.  breaking  weight ;  with  Factor  5  we  obtain 
509  -T-  5  =  102  lbs.  safe  dead  load,  then  102  x  i  =  51  lbs. 
intermittent  load,  and  finally  51  X  ^  =  26  lbs.  rolling  load, 
which  is  ^th  of  the  statical  breaking  weight. 

(924.)  In  very  many  cases  the  strains  on  the  different  parts 
of  machinery  are  not  strictly  rolling  loads,  bnt  acting  with  a 
certain  amount  of  shock  they  may  be  taken  as  similar  in  their 
action  to  rolling  loads,  this  being  in  many  cases  the  best 
approximation  that  can  be  made.  Thus,  with  the  rods  of 
single-acting  pomps,  worked  by  a  3-throw  crank,  there  is  a 
certain  amount  of  shock  in  passing  the  centres,  and  we  may 
take  it  as  doubling  the  strain  in  the  same  way  as  a  rolling  load 
would  act  on,  say,  the  vertical  rods  of  a  suspension  bridge. 
Then,  taking  the  tensile  strength  of  welded  joints,  as  in  our 
case,  at  21  tons  per  square  inch  (see  Table  1),  we  have  with 
Factor  3,  21  -i-  3  =  7  tons  safe  dead  load,  7  X  i  =  4-67 
tons  intermittent  dead  load;  and  finally  4*67  X  ^  =  2*33  tons. 
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or  5220  lbs.  per  squaro  inch,  dynamic  or  rolling  lond.  This 
agrees  with  practice,  as  shown  by  col.  10  of  Table  30.  wliioh 
bIidwb  that  rods  with  £070  lbs.  stand  their  work,  but  others 
with  6600  lbs,  fail  repentedly.  Those  parts  of  pump-roda  which 
work  through  the  glands  or  stuffing-boxes  are  commonly  made 
of  wrought  copper,  principally  to  avoid  ruisl,  to  which  iron 
rods  would  bo  liable  in  case  of  stoppage  for  a  few  days. 
Wrought  copper  breaks  with  a  tensile  strain  of  15  tons  per 
square  inch  ;  then  with  Factor  3  wo  have  15  -^  3  =  5  tons 
Bafe  dead  load ;  6  X  ^  =  2'&  tons  intermittent  load;  and  2' 5 
X  J  =  1-25  tons,  or  2800  Ibe,  per  square  inch  dynamic  load; 
and  thia,  it  shonld  be  observed,  is  the  etraiu  at  the  reduced 
section,  or  where  the  area  is  reduced  by  the  key  or  screw- 
thread  {'210}.  Table  29  shows  that  in  practice  copper  rods 
are  much  more  heavily  loaded  thau  we  have  thus  oaleulated, 
Bomo  having  as  much  as  5670  lt>s.  per  inch,  &c  \  but,  bb  a 
matter  of  fact,  theaa  rods  are  frequently  breaking,  and  in  soma 
cases  duplicate  or  spare  rods  are  kept  on  hand  ready  for  that 

{'J2-">.)  But,  wherever  possible,  the  cunstaut,  or  Factor  of 
S.ifety,  for  any  particular  niiichincry  should  be  oblainfd  direct 
from  cases  workiug  well  in  practice  :  the  wliolc  matter  of  the 
straiDB  in  machinery  is  so  complicated  and  obscure  tliat  no 
other  course  is  likely  to  bo  perfectly  safe  mid  Biitisfrtctory.  It 
is  only  iu  those  cases  where  i:<)  direct  data  arc  attiiiuahle  that 
the  theoretical  methods  we  have  explained  and  illustrated 
should  lie  used. 

(it2ti.)  When  a  dyiiamie  strain  acts  iu  both  directions,  or  is 
an  altcmalcil  strain,  ive  must  ajiply  the  ratio  for  that  circum- 
stance, as  esplaiucd  iu  (HIS).  Thus,  (ukingthe  cases  in  (923), 
wrought  iron  becomes  d-14  X  i  =  2:i2  lbs.,  or  V.'h  of  the 
statical  breaking  weight;  cast  irou  becomes  115  x  ,^  =  57  lbs., 
or  .,',,th  of  the  statical  breaking  weight;  and  Oak  is  reduced 
to  2i;  X  i  =  13  lbs.,  which  is  ,,Vt''^  "f  the  statical  breaking 
weiglit,  &c. 

(927.)  "Ftitigiic  ofPlalc-hon  Deami."—'SiT.  Fairbairn  nmAy 
siime  valuable  cxpcrimints  showing  the  cQect  of  fatigue  from 
oft-rejicutcd  strains  on  a  riveted  plate-iron  beam,  Fig.  13.'3,  the 
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load  being  completely  relieyed  and  laid  on  again  about  8  times 
per  minute  by  a  crank-arrangement.  To  imitate  as  nearly  as 
possible  the  strain  to  which  Bailway  bridges  are  subjected  by 
the  passage  of  heayy  trains,  the  apparatus  was  designed  to 
lower  the  load  quickly,  and  to  produce  a  considerable  amount 
of  vibration,  as  the  large  lever  with  its  load  was  left  suspended 
on  the  beam  at  each  stroke.  The  beam  was  16  inches  deep, 
and  20  feet  between  supports ;  Table  140  gives  a  compendium 
of  the  experimental  results. 

By  (909)  with  an  intermittent  dead  load,  the  breaking 
weight  of  wrought  iron  is  f  rds  of  the  breaking  dead  weight ; 
and  by  (923)  half  that  amount,  or  ^rd  where  the  load  rolls  over 
the  beam  at  a  certain  velocity,  or  where  it  acts  in  a  manner 
analogous  to  a  rolling  load,  which  is  our  case;  accordingly 
Mr.  Fairbaim  found  that  with  ^rd  of  the  statical  breaking 
weight,  the  beam  broke  with  313,000  changes  of  load. 

This  beam  bore  first  596,790  changes  of  4  the  statical  break- 
ing weight  without  apparent  injury,  or  manifesting  distress 
by  increasing  in  deflection,  which  remained  practically  the 
same  throughout,  namely  *  16  or  *  17  inch.  It  was  then  loaded 
with  I  or  ^  of  the  breaking  weight  and  bore  403,210  changes 
without  distress,  the  deflection  remaining  constant  throughout 
at  *22  or  '23  inch.  The  load  was  then  increased  to  ^  or  ^ 
of  the  breaking  statical  weight,  and  the  beam  broke  with 
5175  changes. 

The  beam  was  then  thoroughly  repaired,  and  with  ^th  the 
breaking  weight  bore  without  apparent  injury  3,150,000 
changes,  the  deflection  remaining  constant  throughout  at  '17 
or  '  18  inch,  and  the  permanent  set  at  *  01  inch.  The  load  was 
then  increased  to  ^rd  of  the  statical  breaking  weight,  with 
which  the  beam  broke  after  313,000  changes,  but  without 
manifesting  distress  by  increase  of  deflection,  which  remained 
constantly  throughout  at  '  2  inch. 

(928.)  Mr.  Fairbaim  concludes  from  these  experiments  that 
with  ^rd  of  the  statical  breaking  weight,  Bailway  bridges 
would  be  decidedly  unsafe,  but  that  with  ^th  of  that  weight,  a 
wrought-iron  bridge  would  be  perfectly  safe  for  a  great  number 
of  years.    Nevertheless,  he  allows  in  practice  a  larger  margin 
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for  Bnfety,  namely,  j^  or  ^  of  the  breaking  weight ;  many  of  our 
lending  Eailway  Engineers,  eueb  as  R.  Stephenson,  J.  Gnbitt, 
F.  W.  Brirlow,  &c.,  adopt  Jth  as  the  ratio  in  practice,  as  ahown 
by  (892)  and  Table  138. 

We  b»Te  shown  in  (840)that  in  Eailway  bridges,  the  velocity 
IB  noTor  high  enough  to  give  anything  approiwhing  to  the 
masimnm  effect,  or  to  produce  a  deflection  double  of  that  doe 
to  the  aamo  load  acting  Btaticslly ;  moreover,  the  inertia  of  the 
bridge  iteelf  givoa  a  coneidorable  resistance.  The  combined 
effect  of  these  two  circumstances  is,  that  the  Btrsin  is  very 
little  greater  than  that  duo  to  a  dead  load,  wliich  is  proved  to 
bo  the  loct  by  the  eiperimenta  on  the  Ewcll  and  other  bridges 
(839).  The  strains  on  Railway  bridges  may  therefore  prac- 
tically ho  regarded  as  dead  loads :  they  are,  however,  inter- 
mittent, and  for  wrought  iron  shonld  he  ^,  and  for  cast  iron  3, 
of  the  equivalent  constant  dead  loads.  Then  with  Factor  3  a» 
given  by  Table  137  we  finally  obtain  for  wtongiit4roa  Girders 
the  Ratio  ^  -4-  3  =  -222  or  ^J-  hence  the  working  Factor  of 
Safety  =  i-5 :  for  Cast-irou  ginlirs  wo  obtain  J  -^  3  =  ,',  of 
the  statical  Breaking  «u^lit  tin  Factor  buiiig  =  0.  As  wt 
have  KCfii  {!t28),  the  le-idin^  Railway  Engineers,  making  no 
distinction  between  cast  and  wrought  iron,  have  adopted  the  ralio 
-J;  or  Factor  6,  which  is  intermediate  betwei'n  4'r)  and  9, 

{i(2!).}  Collecting  those  rchults  and  applying  tbcra  to  the 
three  great  Strains,  namely,  the  Tensile,  Crushing,  and  Trans- 
verw!  strains,  we  obtain  for  various  Materials,  the  scries  of 
equivalent  strains  fur  varying  conditions  nf  loading  given  bv 
Tablo  141,  combining  which  with  the  Ratios  or  Factors  of 
Safety  in  Table  137,  we  may  find  the  proper  loud  under  all 
ordinary  conditions.  As  the  matter  is  essentially  and  neecs- 
anrily  a  comidicated  one,  we  may  give  examples  which  will 
bolp  to  make  it  moi-e  clear. 

Say,  we  have  a  single-acting  pnnip,  18  inches  diameter. 
1.50  Icot  head  of  water,  &C. :  tlie  strain  iR'iug  Iiiterimttcnt  and 
Dynamic,  col,  3  of  Table  141  gives  8'6  tons  per  square  incli 
Br.>aking  weight,  and  Table  137  gives  the  Factor  of  Safetv 
=  3  :  hence  we  obtain  8-C  4-  3  =  2-87  tons  Working  load. 
Tiien  18  inches  diamclcr  =  2'A  Bipiare  inches  area,  and  (lie 
pressure  duo  to  the  water  =  150  -^  2  ■  3  =  (J5  lbs.  per  square 
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inch,  giving  254  X  65  -f-  2240  =  7-4  tons,  requiring  7-4  -f- 
2*87  =  2*6  square  inches  area  at  the  key-way,  equivalent  by 
(210)  to2'6x2  =  5*2  square  inches  of  the  body  of  the  rod,  or 
2f  inches  diameter  where  it  works  through  the  gland  of  the 
pump.  With  a  deep-well  pump,  there  would  be  long  rods  to 
the  surface  with  welds  here  and  there :  by  Table  1  the  strength 
of  welded  joints  =  47266  lbs.,  or  21  tons  per  square  inch 
Breaking  weight,  which  by  the  ^  Eatio  "  in  col.  3  of  Table  141 
is  reduced  to  21  x  ^  =  7  tons  Dynamic  strain,  and  with 
Factor  3,  to  7  -f-  3  =  2  *  33  tons  Working  strain.  Hence  we 
obtain  7*4-7-2*  33  =  3*2  square  inches,  or  2  inches  diameter: 
Table  28  gives  practically  the  same  result :  the  Working  load 
for  2-inch  rods  being  15,708  lbs.,  or  7  tons,  being  nearly 
7*4  tons,  the  strain  in  our  case. 

If  this  same  pump  had  been  double-acting,  the  strain  being 
alternately  Tensile  and  compressive,  coL  5  of  Table  141  gives 
3-2  tons  per  square  inch  Breaking  weight,  or  3*2  -7-  3  = 
1  •  07  ton  working  load,  requiring  7  *  4  -f- 1  *  07  =  7  square  inches 
area,  or  3  inches  diameter  of  the  body  of  the  rod.  Here  the 
key-way  question  is  eliminated,  being  covered  by  the  large 
diameter  due  with  an  alternating  strain  (210). 

(930.)  Again :  say  that  we  have  a  short  pillar  of  English 
Oak  subjected  to  an  intermittent  load  of  10  tons  acting  without 
shock :  then,  col.  2  of  Table  141  gives  1  *  85  tons  per  square 
inch  Breaking  weight.  Table  137  gives  the  Factor  =  5,  hence 
we  obtain  1  *  85  -7-  5  =  *  37  ton  per  square  inch  working  load, 
and  require  10  -r- '  37  =  27  square  inches  area,  say  5^  inches 
square.  If  this  Oaken  rod  had  worked  a  Double-acting  pump,  the 
strain  being  both  Alternating  and  Dynamic,  col.  5  of  Table  141 
gives  0*46  ton  Breaking  weight,  or  *46-f-5  =  *092  ton 
working  load,  which  is  ^  -f-  5  =  ^th  of  3' 7  tons,  the  Crushing 
dead  load  by  col.  1 :-  we  then  require  10  -f-  *092  =  109  square 
inches  area,  or  10^  inches  square,  <&c. 

Again  :  say  we  have  a  rocking-beam  working  a  double-acting 
pump,  12  inches  diameter,  100  feet  head  of  water  =  100  -f-  2*3 
=  44  lbs.  per  square  inch  :  the  area  of  12  =  113  square  inches, 
hence  113  X  44  -7-  2240  =  2*2  tons,  which  being  a  Dynamic 
and  Alternating  load  is  by  the  "Batio"  in  coL  5  of  Table  141, 
equivalent  to2*2x6  =  13*2  tons  dead  load :  wrought-iron. 


Table  141.— Of  the  Sthesriti  of  Materials  with  Dipferkst  Kvsm 

of  Sthais  ;  being  the  Ultimate  or  Breaking  Lc*ds. 
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&c 
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Table  141.— Of  the  Stbength  of  Materials  with  Different  Kinds 

of  Strain,  &c. — continued. 


MaterUlB. 


Steel,  ordinary  bar 

„  (limit  of  Elasticity) 

„  (working  load) 

Wrought  Iron,  plain  bars 

(limit  of  Elasticity)  / 
„  plain  bars  \ 

(working  load)  . .  / 
„  T  and  I  bars  .. 

(limit  o^Elasticity)  / 
„  T  and  I  bars       \ 

(working  load)      ../ 

Cast  Iron 

Gun-metal,  cast 

Slate,  Betngor,  split 

York  Paving      

Ash      

Oak,  English     

Liarch 


Devi 
LcMuL 


Intennlttent  Load  Off-and-on 
oontinaously. 


One  DirectlozL 


Without 
Shock. 


Dynamio, 
or  Rolling. 


Both  Directions. 


Without 
Shock 


Dynamic, 
or  Rolling. 


TnuuverBe  Strains  in  Lbs.,  on  Bars  1  Inch  Square, 
1  Foot  Long. 


6720 

4480 

2240 

2240 

5600 

3733 

1867 

1867 

3360 

2240 

1120 

1120 

4000 

2667 

1333 

1338 

2000 

1333 

667 

667 

1330 

888 

444 

444 

3200 

2132 

1066 

1066 

1500 

1000 

500 

500 

1120 

747 

374 

374 

2063 

688 

344 

344 

1830 

610 

30^ 

305 

421 

210 

105 

105 

73 

36 

18 

18 

680 

340 

170 

170 

509 

255 

128 

128 

380 

190 

95 

95 

CO 

(2) 

(3) 

(*) 

1120 
933 
560 
667 

333 

222 
533 
250 

187 

172 
153 
53 
9 
85 
64 
48 

(6) 


Say  that  the  beam  is  a  cantileyer  5  feet  loDg,  equal  by  (481) 
to  a  beam  5  x  4  =  20  feet  long,  sapported  at  both  ends :  then 
with  Mt  =  4000  lbs.,  or  1*8  ton,  and  assnming  the  thickness 
or  B  =  1^  inch,  we  may  find  the  depth  D  by  Bale  (825)  or 

D  =  V^3-2  X  20)  -T-  (1-8  X  li)  =  9|  inches  deep.  In  this 
case  the  working  load  =  ^  -7-  8  =  ^i^  of  the  dead  load.'  Taking 
the  valne  of  Mt  =  667  -^  2240  =  *8  ton,  from  col.  5  of 
Table  141,  the  Kule  (324)  gives  W  =  9i"  X  li  X  -8  -r-  20  = 
2 '  2  tons  breaking  dead  load,  as  before. 
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APPENDIX. 


T  CAST   IBOX. 

(931.)  The  transvorse  strength  of  cast  iron  has  nsually  been 
determined  dy  esjierimonts  on  bars  1  incli  square,  and  it  waa 
Bupposod  that  the  data  thna  obtaiaod  were  applienble  without 
correction  to  bars  of  all  sizes  and  to  girders  of  all  forms  of 
section. 

More  recent  obHOtvatlons  have  shown  that  these  conclusions 
were  not  correct,  and  that,  1st,  bars  of  large  sizes  ore  spocificall; 
weaker  than  Bmall  cmes :  2nd,  that  in  bars  of  rectangular  Bcction 
the  strength  is  gi^verned  by  the  thitltni'ss  or  Iras^t  diniciisi(j:i 
I'rttbcr  than  by  the  greiiter. 

('J32.)  "  Effect  of  Thktnees  on  Tramverxe  Stn-nglh."~An  the 
projicrtiee  of  cast  iron  seem  to  bo  more  or  lef^a  affected  by  the 
size  or  rather  by  tho  least  tliickuoes  of  the  casting ;  so  fur  as 
wc  have  csi>crimcntal  knowledge,  tiiat  is  to  say  between  1  incli 
and  3  inches  square,  the  tensile,  crushing,  and  trausvcrsu 
Ktrengths,  alflu  the  Modulus  of  Elasticity  (73tj)  arc  reduced  as 
the  size  of  the  casting  is  increased. 

Table  142  gives  reduced  results  of  oii>criments  by  Sir.  Ilmk'- 
kinson  and  Captain  James,  R,E.  ^  the  latter  are  muro  nuiDt'iuus 
and  more  consiBtcnt  among  themselves  than  those  of  Mr.  Hedj;- 
kinsim,  which  arc  anomalous  giving  tho  sumo  epocilic  strcn"l)i 
fur  ^-iiich  as  for  3  uch  ba  8  tl  cy  give  h  never  o  jxirl 
fact,  that  a  a  rectangular  I  ar  f  uucqu  1  d  mens  ons  u  m  I 
3  X  1     the  tr  nsv    st.  stre     tl    e  p  act  a  11    tl  e  a  u  It 

..fabarl  hsiuare  as  si  o   u  I  y  the  T  1 1     nl    r    tl         1 

of  Ml   or  the  spec  f  e  trans    rno  htr  n  t!        u  a  ly  tl 

niotical   noft     betw  on  tho  ttr  u^tl      f  1    ucl     u  I  cl      ^ 

Lai's.     Tl  s    sp      a     t  B       h  to    h       th  t  tl  e  1  1  u 

Mou    of  r  ctau-ular   bar      has   no       Ub  1 1      nfl  cu         n     1 


HTKOT  or  "BIZe"  on   the  STKEirOTH  07  CAST  I 


J:J:i 


SSs 


500      EFFECT   OF  "biZe"   on  the   8TBESGTH  OF  OABT   lEOK. 

Bti-ODgth  ;  Dearly  the  same  reenU  was  found  to  prevail  with  the 
Modulus  of  Elasticity  (744),  bare  6  x  li^  and  3^  X  IJ  being 
uenrlj  alike,  and  also  ahimt  the  same  as  a  bar  1^  inch  square, 
occupying  iu  the  Diagram,  Fig.  214,  &  position  intermediate 
between  l-inch,  and  2-uich  square  bars. 

(933.)  Captain  James'  esperiments  in  Table  142  were  51  in 
number,  they  wore  made  on  tJiree  different  kinds  of  iron,'aDd 
the  mean  combined  result  of  the  whole  sorios  is  that  bare  1,  2, 
and  3  inches  square,  have  transverse  strengths  in  the  ratic» 
1-0,  -7184,  and  '6195.  Mr.  Hodgkinson'e  ratios  are  1-0, 
■7123,  and  -7122  respectively;  and  for  1^  X  8  inch  bar, 
•8141. 

The  combined  roaults  of  the  experiments  arc  represented 
approximately  by  the  Bule : — 

(984.)  z  =  l-^v''^ 

In  which  t  ia  tha  least  dimension  of  a  rectangular  bar,  ud  ■ 

the  ratio  of  the  transvcrso  strength,  that  of  1-ineli  srjuare  liar 
b.;ing  =  1-0.  Thus,  for  3  inches  thick,  the  lognrithm  of  3,  or 
-477121 -^'i-a  =-'207!,  the  n^turnl  number  duo  to  which  is 
l-(iI2;  then  1-^1  "612  = -02  =  r,  or  the  ratio  of  the  strength, 
that  with  1  inch  tbii-k  being  1  ■  0  :  fi>r  thicknesses  of  :— 

i  1  11  U  13  2  2(  :i 

iuchcB,  iho  rule  gives  as  the  ratios  of  trausvcrso  strengths 


rcK]icctiTcly,  espcriiuent  givi 


I'espwtively.  In  col.  7  of  Table  18  this  rule  ia  appliod  to 
extreme  thicknesses,  far  beyond  the  limits  of  cxperiiDent,  and 
the  results  may  he  more  or  less  inaccurate ;  but  the  practical 
Engiuter  has  often  to  deal  per-furco  with  extreme  cascB  whether 
he  has  reliable  data  or  nut,  and  it  is  hotter  under  such  circuui- 
stoncf'S  to  have  a  liulc  based  on  inadequate  experiments  than 
to  have  no  rule  at  all  (MC). 

The  results  of  experiment  arc  represented  graphically  bj 
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Fig.  212,  tlie  line  F  being  fonnd  by  tbe  Bole,  and  the  means  of 
Mr.  Hodgkinson  and  Captain  James'  experiments  are  added  for 
comparison. 

It  is  shown  in  (942)  that  Stirling's  toughened  cast  iron,  which 
is  a  mixture  of  cast  and  wrought  iron,  is  affected  by  the  thick- 
ness very  similarly  to  ordinary  cast  iron :  thicknesses  of  1  *  0, 
1^,  and  2  inches  giving  specific  transyerse  strengths  of  1*0, 
•824,  and  '784  respectively. 

(935.)  ^^  Effect  of  Thickness  an  the  Tensile  and  Crushing 
Strength,** — We  have  no  direct  experiments  on  this  subject,  but 
Captain  James  made  some  instructive  experiments  on  bars 
}  inch  square  planed  out  of  the  centre  of  8-inch  and  2-inch 
bars  of  No.  3  Clyde  iron,  which  were  compared  with  other 
J-inch  bars,  cast  of  that  size  from  the  same  iron,  and  from  these 
we  may  perhaps  obtain  by  analysis  the  tensile  and  crushing 
strains  with  approximate  accuracy. 

The  }  bars  from  the  3-inch  ones  gave  anomalous  results,  we 
will  therefore  take  those  from  the  centre  of  the  2-inch  ones : 
the  length  being  4^  feet,  the  transverse  breaking  weight  by 
experiment  was  134  lbs.  for  the  f-inch  planed  bars,  and 
193  lbs.  for  the  cast  bars,  the  ratio  being  184  -f- 193  =  -694 
to  1-0. 

The  crushing  strength  in  the  planed-out  bars  was  by  experi- 
ment =  60233  lbs.  per  square  inch,  whereas  Mr.  Hodgkinson's 
experiments  on  ordinary  No.  3  Clyde  iron  gave  106,089  lbs. ; 
the  Katio  for  the  Crushing  strengths  is  therefore  60288  -r- 
106039  =  -568,  or  56-8  per  cent. 

The  Tensile  strength  of  the  iron  in  the  centre  of  the  2-inch 
bars  was  not  observed,  but  we  may  calculate  it  by  the  Hule 
(499)  from  the  known  values  of  C  and  W. 

-, 184  X  4*5  X  4-5 

{  -75  -  V184  X  4-6  X  4-5 -7- (60233  X -75}^  X  -75 

=  14200  lbs.  per  square  inch.  Mr.  Hodgkinson's  direct  ex- 
periments on  ordinary  No.  8  Clyde  iron  gave  23,468  lbs.  per 
square  inch;  hence  the  ratio  is  14200  -7-  28468  =-605,  or 
60  *  5  per  cent. 
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(936.)  Thus  for  tbo  three  Btrains,  TronBTeree,  Teneile,  and 
Crashing,  the  ratios  of  strengths  arc  '6U4,  '605,  and  *56ti 
respectively  in  j  bars  out  of  the  centre  of  2-inch  ones,  ordi- 
nary iron  bx  hits  cnst  about  1  inch  square  being  1  -  0  in  all 

Obviouflly,  this  does  not  gi^e  the  strengths  for  the  whole 
area  of  the  2-ii)ch  bars  whiuh  we  desire  to  find,  but  those  of  the 
centre  only,  but  if  wo  admit  that  the  outside  of  the  2-iuch  bar 
has  the  ordinary  strength,  and  the  central  part  that  found  for 
the  J~iuch  planed  bars,  the  mean  of  tbo  two  gives  for  the 
transverse  strength  (1  +  -CM)  ~  2  =  -817 ;  for  the  tensile 
(1  +-605)-^ 2  =-803;  and  for  the  erushing  (l  +  -568)-i-2 
=  '784.  Theso  ratios  differ  little  among  tbeniselveii,  the 
estreme  difference  being  ■  847  -i-  ■  784  =  1  ■  08,  or  8  per  coat. : 
on  the  whole  it  will  bo  preferable  to  take  the  Ratios  given  by 
the  Kale  (934)  and  ool.  7  of  Table  IS  as  oorrect  for  o^  the 
straias. 

{'^37 )  •' Efferl  of  TVHftness  on  Girdcra."— An  importnnt 
Hiicstioii  arising  out  of  this  inquiry  is,  how  fftr  tbi^so  Ratios  will 
apply  to  large  giwki-s  of  ordinary  sections,  that  is  to  Siij,  if  n-v 
hn  I  thret,  ginkrb  of  the  same  form  of  section,  but  1,  2,  and  H 
inchis  thick  (ill  o\i.T  icspec lively,  whether  tlie  strength  woulJ 
Ih,  governed  by  thi.  w  fpcctivo  truusverso  strengths  of  ri-ct;ingtilar 
biirh  1   2,  and  3  inchis  Sfiuuru  respectively,  namely,  I'O,  -TJ, 

Mr  Hodgliiiison  givis  an  eiperimcnt  on  a  large  girdtr, 
Fig  187,  27  feet  5  iui,hcs  Iwtweeii  bearings,  which  broke  wiih 
7li  r>  tont,  in  the  centre  the  general  thickness  was  about 
2  inchL'f,  and  the  quthtion  is  how  far  the  strength  was  govurutd 
)iy  that  thicknihs  By  the  mode  of  calculation  explatuvd  iu 
("lO)  and  taking  Mr,  or  the  mean  transverse  strength  of  cast 
iiiin,  at  '9  ton,  btmg  thi.  multiplier  derived  from  ex]>erim(nl6 
on  1-inch  liars,  wc  have:  btp  flange  2'33-  x  5'1  =  27  ;  verticnl 
wel.  (28-43=  -  2-33^)  x  2-08  =  1H70;  and  bottom  flange 
(30-5''  -  28-43=)  X  12-1  =  117C.  The  total  rc<luccd  value  if 
d-  X  b  thus  beeomes  27  +  ir.70  +  117«  =  3173;  tht'ii  3173  X 
■11-^27-4  =  104-2  tons  breaking  weight  in  the  centre: — but 
the  exiicrimental  breaking  weight  was  7(J-G  tens  only,  and  we 
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have  the  ratio  76*6  -f- 104*2  =  '73,  being  very  nearly  that  for 
2-inch  square  bars  by  Captain  James'  experiments  (933),  which 
was  *  72  nearly. 

In  Mr.  Owen's  experiments,  Table  68,  on  the  contrary,  the 
thickness  of  the  bottom  flange  was  1  j^  inch,  for  which  by  Bole 
(934)  the  strength  shoxQd  be  *  783,  but  the  experimental  strength 
was  38-34- 39-8  =  '96,  or  96  per  cent,  of  that  due  by  calcula- 
tion on  the  basis  of  data  from  1-inch  bars.  In  this  girder,  how- 
eyer,  the  thickness  of  top  flange  and  vortical  web  was  1  inch 
only,  and  the  strength  was  possibly  modified  thereby,  still  we 
shoxQd  have  expected  that  the  thickness  of  the  bottom  flange 
woxQd  have  been  more  influential  than  it  appears  to  have  been. 

Stirling's  Toughened  Cast  Iron. 

(938.)  Many  years  ago  Mr.  Stirling  introduced  his  Patent 
process  for  increasing  the  strength  of  ordinary  cast  iron  by 
mixing  with  it  given  proportions  of  wrought-iron  scrap :  it  was 
stated  that  with 

10  20  30  40 

per  cent,  of  wrought  iron,  the  transverse  strength  was  increased 

22i  dli  60  83 

per  cent.,  the  effect  being  a  maximum  with  SO  per  cent.,  that  is 
to  say,  with  a  mixture  of  100  cast  iron  to  30  wrought  iron. 

Table  143  gives  the  resxQt  of  experiments,  and  shows  by  col.  5 
that  the  effect  of  Stirling's  process  on  the  strength  in  resisting 
the  three  principal  kinds  of  strain  is  very  unequal,  the  Tensile 
strength  being  increased  74  per  cent. ;  the  Transverse,  60  per 
cent.,  and  the  Crushing,  30  per  cent.  only.  The  transverse 
strength  is  of  course  dependent  on  the  tensile  and  compressive 
strengths,  and  calculation  will  show  that  an  increase  of  60  per 
cent,  in  the  transverse  strength  is  almost  exactly  that  due  to  an 
increase  of  74  per  cent,  in  the  tensile,  and  30  per  cent,  in  the 
crushing  strengths. 

(939.)  Thus  the  mean  value  of  T  for  British  Cast-iron  (4)  is 
7*  142  tons,  and  of  C,  43  tons  per  square  inch  (132) :  then  by 
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Table  143. — Of  EsPERysiEsra  on  Sttiiliiig'b  Tocohbsed  Cast  Ibom. 


Stirling's  Iron. 

r 

1 

4a 

«-«.«.. 

j 

J 

1 

4  ihontiH. 

Tennile,  T.  ill  tons  ..• 
Crasbiiig,  C,  in  tons 

14-32 

ll-li 

r 

II)-47 
5318 

12-46 

55-7 
3300 
0) 

7- 142 

43-0 
20G3 

1-74 
1-30 

1-eo 
w 

12 
17 

nwen.Griwcn.fte. 

Hodgkin»>i.. 

Owea,GriuieI],ta. 

Bole  (496)  we  obtain  the  Specific  TmnsTerso  strengUi,  or  Mn 


which  beoomea  "W  =  I  -^ 


V-13 


X  7-142  4-4-6  = 


1./^  + V7-i42, 
•8016  ton,  or  1795  lbs. 
By  the  appliofttiim  at  Btirlii^'s  prooeas  to  this  iroa  T  ii    i 

increiiBed  74  percent., mid  becomes  7-142  x  1'74  —  12-4  tone, 
while  C  ia  iiicroasod  30  per  ci^iit.,  and  bfcotnos  43  x  1  ■  .'iO  =  Sil 
tons  per  equare  inch.     Then,    Mt  by  rule  (i'Ji'y)  gives  W  = 

(  7V7^~--,-my^  12-4-^4-5  =  1-274   ton,   or  2354  lbs.: 

licntc  wc  obtain  2854  -^  1"I'5  =  1-59,  or  .09  per  cent,  inerease 
ill  transverse  strength,  being  very  nearly  60  per  cent.,  as  given 
by  experiment. 

Wo  should  have  obtaincil  the  same  result  with  the  iilcutieal 
iron  ustd  by  Mr.  Stirling,  iiami'ly  tlio  CuMcr,  H-hieh  being  a 
weak  iron  is  speeially  adapted  for  his  proecsa  (911).  Hy 
Table  31  Mr.  Hoilghinson's  experiinents  on  that  him  giv©  T  = 
fl-13,  and  C  =  33 '92  tons  jier  square  inch,  with  whieh  RuU' 

(496)  give.  w=(y^-;-t5^)'xC-13^.1.5=,.6T,« 

ton.  With  this  iron  treate^I  by  Stirling's  process  T  boeiiuits 
i>-13  X  1-74  =  10-67  tons,  and  C  =  33-92  x  1-30  =  44-1 

tuns  per  square  ineb:  then  W=f -,         --       ,        .„  )  xlO'GT— 

Vv  44'1  +  vHViii' 
4'5  =  1-0C6  ton  is  the  value  of  Mi,  giving  lOliG-f-  -CTOS  = 
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1*59,  or  an  increase  in  the  transyerse  strength  of  59  per  cent., 
as  before. 

(940.)  Another  important  qnestion  connected  with  this  sub- 
ject is  to  determine  the  effect  of  Stirling's  process  on  Cast  iron 
in  girders  of  ordinary  sections,  Mr.  Berkley's  experiments 
(897)  having  shown  that  with  ordinary  iron,  the  strength  of 
girders  is  not  simply  proportional  to  the  transverse  strength  of 
small  test-bars  cast  from  the  same  metal. 

Table  68  gives  the  result  of  experiments  by  Mr.  Owen,  H.M. 
Inspector  of  Metals,  on  a  large  girder  of  Mr.  Hodgkinson's 
form.  Fig.  79 ;  there  were  13  experiments  on  common  cast  iron 
of  different  kinds,  and  11  with  Stirling's  iron,  or  cast  iron 
mixed  with  different  proportions  of  wrought-iron  scrap,  varying 
from  17  to  33  per  cent,  of  the  cast  iron,  the  mean  of  the  whole 
being  22  per  cent. 

The  mean  breaking  weight  with  common  cast  iron  was  38  *  3 
tons,  and  with  Stirling's  iron  52  *  3  tons,  the  ratio  is  1  to  52 '  3  -h 
38*3  =  1*366,  showing  an  increase  of  36*6  per  cent,  only, 
whereas  the  small  test-bars  gave,  as  we  have  seen  in  (938),  an 
increase  of  60  per  cent. 

(941.)  But,  analysis  of  the  details  of  these  experiments  will 
show  that  the  effect  of  Stirling's  process  varies  very  much  with 
the  strength  of  the  particular  cast  iron  to  which  it  is  applied, 
weak  iron  being  very  greatly  improved  in  strength,  while  very 
strong  irons  are  scarcely  affected  at  all.  Thus,  with  the  Calder, 
which  is  a  very  weak  iron,  experiments  2  and  4  give  33  and  34 
tons  respectively,  the  mean  being  33  *  5  tons  : — by  experiments 
14,  18,  21,  and  24,  this  same  iron  mixed  with  25  per  cent,  of 
wrought-iron  scrap  gave  48,  52,  52^,  and  60^  tons  respectively, 
the  mean  being  53  *  25  tons,  and  we  have  53  *  25  -^  33  *  5  =  1*59, 
or  an  increase  in  strength  of  59  per  cent.,  agreeing  very  nearly 
with  that  given  for  rectangular  bars  by  Table  143,  which  was 
60  per  cent.,  and  agreeing  exactly  with  the  calculations  in 
(939). 

But  in  experiments  12  and  13  we  have  a  strong  mixture  of 
irons  which  gave  47  and  47:]^  tons  respectively,  the  mean  being 
47  *  1  tons,  whereas  Calder  iron  gave  33  *  5  tons  only.  Now  this 
strong  iron  mixed  with  20  per  cent,  of  wrought-iron  scrap,  gave 
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in  experimont  15  a  broaking  wdglit  of  48 '  5  tons,  and  we  hare 
48'S-i-17-l  =  1*03,  ou  iudcMo  in  stiength  of  3  per  cent 
only. 

In  accordance  nith  these  facte,  Tdi.  Stirling  states  tbat  tbe 
special  object  he  hai  in  view  was  to  ruifio  the  weaker  irons  to 
the  strength  of  the  strongest ;  gcnprally  ei^eaking,  he  finds  that 
Bcotuh  iron  requires  a  larger  proportion  of  wronght  iron  than 
Staffordshire,  and  Welsh  least  of  all.  For  Nu.  1  Scotch  he 
reounuuonds  from  18  to  21  per  cent. ;  No.  2,  from  27  to  3G  per 
cent. ;  No.  3  be  Aotia  not  recommend  at  all. 

But  it  sbould  be  obserrod  tliat  the  section  of  girder  adopted 
bj  Mr.  Owen,  with  Ixittom  and  top  flanges  having  areas  as  G  to 
1,  was  specially  adaptinl  to  give  maximum  results  with  ordinary 
cost  iron  whose  crushing  and  tensile  strengths  were  iu  that 
same  ratio.  But  with  Stirling's  iron,  the  ratios  of  those  strengths 
is  65  7-M2-46  =  4-47  to  1-0,  and  the  flanges  should  have 
bad  that  ratio  in  order  to  obtain  a  maiJTT'in'  eSeot. 

(942.)  Experiments  bare  shown  that  the  strength  of  Stirling's 
iron  is  uffecttd  by  tbu  sizu  or  thickness  of  the  casting,  ns  n.: 
found  to  bf!  tlie  Ciisu  uitb  ordiuiiry  oist  iron.  Thus  Cililcr 
ircm  with  42  per  tont.  of  wrtmgbt  inm  niid  iu  bars  1  iuch, 
IJ  ini;h,  nud  2  iuclics  Kiiujire,  gave  ns  the  valuo  i)f  Mr,  or 
Biwcilic  tnnisvtriie  istiengtb,  3511,  2895,  and  2751  lbs.  respec- 
tively;  the  ratios  lii'ing  I'O  ■K'*4  and  ■7S-1  rtspti-tivcly.  The 
rule  in  (934)  g  v  s  f  i  tl  so  fcame  s  z  s  tl  rd  ry  cast  irim. 
the  ratios  1  0  83S  I  i')  from  vl  1  t  b]  i  re  tbnt  tliL' 
effect  of  siz  r  th  ku  ■<»  of  st  u  sjr  t  lly  tl  c  Siime  fur 
Stirling's  a    f  r      1  ua  y  ca  t       n 


('J43.)  The  t  tl  fa  lei  may  Iw  r  alia  a  simple 
caiitilevcr,a  1  1  r  tl  stra  n  [  n  t  s  ku  n  asf>rc!ample 
with  the  g  of  ft      anc     t     j  j   a  s  to  be  a  very  simple 

mutter  to  c  le  1  to  tl     hi  cn^h  an  1  to  adipt    t  to  the  strain. 
But  whik    th  y  b     loue  sat  sf    t  r  ly  f       a  <l'w!   load 

such  as  that  on  tlii,  lar^e  lf>t  motion  «becl  of  a  crane,  it  will  bo 
found  not  to  apply  lo  tbo  other  wheels  of  the  train,  for  olthougli 
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the  motion  is  a  very  slow  one,  the  strength  seems  to  be  goyemed 
by  the  laws  of  Impact,  or  of  forces  in  motion,  which  differ 
entirely  from  those  dominating  a  statical  force  or  dead  load. 

Examples  of  the  proper  method  of  calculating  the  strength 
of  the  teeth  in  a  train  of  crane-wheels  are  given  in  (594)  and 
(598),  therefore  need  not  be  repeated  here;  but  we  will  con- 
sider the  strength  of  wheels  carrying  the  power  of  Steam- 
engines  or  other  motors, — an  important  matter  which  is  fully 
considered  in  the  Author's  Treatise  on  '  Mill-Gearing.' 

For  iron-and-iron  toothed  wheels  we  have  the  Rules : — 


(941.)  HN  =  VDxRxjp*Xti»x  -043. 

(945.)  Hi  =  VD  X  R  X  jp*  X  w  X  -0646. 

For  Mortise  Wheels  the  Rules  become : — 

(946.)  Hn  =  VDxR  X  !>«  X  w  X  -05. 

(947.)  Hi  =  VD  XR  X  /  X  w  X  '075. 

In  which  Hn  =  Nominal  Horse-power;  Hi  =  net  Indicated 
Horse-power;  D  =  diameter  of  the  wheel  at  pitch  line  in  feet ; 
|>  =  pitch  in  inches ;  w  =  width  in  inches ;  R  =  reyolutions 
per  minute ;  Mn  &nd  Mi  =  Multipliers  for  nominal  and  Indi- 
cated Horse-power  respectiyely.  The  relations  of  the  Nominal 
and  Indicated  powers  are  explained  and  illustrated  in  (572). 
Thus,  an  iron  toothed  wheel  6  feet  diameter,  5  inches  wide, 

2  inches  pitch,  24  Revolutions,  gives  Hn  =  V6  X  24  X  2*  x 
5  X  '  043  =  10  *  32  Nominal  Horse-power.  Again ;  a  spur 
mortise  wheel  4  feet  diameter,  2^  inches  pitch,  7  inches  wide, 
30  Revolutions,  gives  by  Rule  (947),  Hj  =  V4  X  30  X  2^*  X 
7  X  '075  =  36    Net    indicated     Horse-power,    or    by    Rule 

(946),  Hn  =  VDxR  X  2i*  X  7  X  -05  =  24  Nominal  Horse- 
power, &o. 

The  width  of  wheels  on  the  face  is  to  a  great  extent  arbitrary ; 
a  good  proportion  is  given  by  the  Rule : — 

.     (948.)  w=|)^-T- ^p  X  1-8. 


In  wbich  p  =  pitch,  and  to  =  widtli  in  inchoe :  col.  2  uf 
Tabic  144  has  been  ealeulated  by  that  rule:  now,  multiplying 
f  by  the  width  thus  found  we  obtain  the  ratioe  of  power  in 
col.  3,  which  shows  how  rapidly  the  power  rises  with  the  pitch, 
being  in  fact  proportional  to  the  SJ  power  of  the  pitch,  or p", 
and  col.  4  has  been  calculated  by  that  rule.  Thus  &  wheel  of 
any  diameter  and  reTolutiona  which  with  1-iuch  pitch  gircR 
1  Horse-power,  would  with  4-inch  piteb,  &e.,  give  128  Horae- 
power,  &o. 

B  144,— Of  thu  Katio  of  the  Power  of  Toothed  W  ukels. 


X  ink  =  iiu-u 


J 


(01!).)  "  Craii]c-pivs."—Th,i  strain  on  the  craiik-pin  of  a 
Stoam-cngine  may  be  found  with  Bufficicnt  nccuritey  from  the 
area  of  the  piston,  pressure  of  stoaiii,  &c.  Then,  rcganliiig  the 
pin  as  a  cantilever,  its  strength  will  be  directly  proportional  to 
d'  and  invorwcly  as  the  length,  but  inasmuch  as  the  length  is 
usually  prtjpoi'tional  to  the  diaineter,  the  strength  is  reduced  tu 
(/-  Rim|)ly,  and  we  have  the  empirical  Rule : — 


(950.) 


:   <(-   X    1000. 
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Table  146. — Of  the  Stbength  and  Pbopobtiokb  of  Cbane-finb  to 

Steam-engines.    Cases  in  Practice. 


Nom. 
Horse- 
power. 


DUmeter 

of 
Cylinder. 


Afltumed  Pressure 
in  Lbs. 


Pfer 
Sq.  In. 


ToUl. 


Diameter 
of  Crank-pin. 


Actual. 


Calcn- 
lated. 


Maker. 


Marine  Engines. 


280 

88 

20 

121,640 

12 

11 

120 

57 

20 

51,040 

8 

7J 

110 

55* 

20 

48,384 

7i 

7 

100 

52* 

20 

43,300 

7* 

If 

90 

50 

20 

89,270 

7 

80 

48 

20 

86,200 

6* 

6 

70 

46 

20 

33,240 

6 

5i 

60 

43 

20 

29,040 

5* 

5* 

50 

40 

20 

25,140 

5 

5 

40 

86* 

20 

20,920 

4* 

4* 

80 

82 

20 

16,080 

4 

4 

25 

29i 

20 

13,670 

8i 

Si 

20 

27 

20 

11,452 

3* 

^ 

15 

24 

20 

9,048 

8 

3 

10 

20 

20 

6,280 

2* 

2i 

Fairbalrn. 
Maudsluy. 


»» 

»» 
»» 


Low-pmsnre  Condensing  Engines. 


80 

45* 

20 

82,520 

6 

5J 

60 

42 

20 

27,720 

5} 

5i 

50 

.S8 

20 

22,680 

3 

41 

45 

341 

20 

18,968 

4| 

40 

33 

20 

77,160 

4i 

9 

30 

30 

20 

14,140 

H 

25 

28 

20 

12,820 

H 

3i 

Hick. 


»» 

n 


High-pressure  Engines. 


24 

19 

45 

12,757 

3* 

3* 

Easton  and  Amos. 

•10 

11* 

45 

6,411 

2* 

2* 

»♦ 

*8 

10* 

45 

0,o4rx 

2 

2A 

>» 

*6 

9* 

45 

4,564 

2 

H 

»» 

8 

7 

45 

1,782 

1* 

lA 

>» 

(1) 

(2) 

(3) 

(4) 

(6) 

(«) 

*  Unequal-ended  Beams,  increasing  the  strain  on  Pin. 
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lu  wLiob  Sc  =  tbe  strain  on  the  pin  ju  lbs. ;  d  =  diuneter  of 
pin  in  ineheB.  Table  145  gives  the  sizoB  of  many  crank-pins 
in  practice ;  col.  6  has  been  calculated  by  tbe  rule  and  agrees 
fairly  witb  tbo  actual  sizes  in  ool.  5. 

Tbere  are  otbor  considerations  besides  strength  nbicb  should 
be  regarded  in  fixing  tbe  sizes  of  craulc'pins:  tbe  proportions 
Bhould  be  such  as  not  only  to  give  adequate  strength,  but  also 
large  area  of  surface,  &d.,  to  avoid  beating  with  high  velocities, 
and  abrasion  with  low  ones :  eec  tbe  Author's  Treatise  on  '  Hill- 
Gearing,' 

"  Cross-headg," — In  the  old  form  of  Marine  Engines,  the 
piston  carried  a  long  cross-bead  with  two  side-rods,  Jfc,  as  in 
Fig.  200 ;  this  arrangement  is  still  used  for  some  Marine  and 
other  Engincft.  To  find  the  strengtb  of  snob  croas-heada  we 
have  tbe  empirical  Rule : — 

(951.)  d'xl  =  u>xlx  -00018. 

In  wbicb  d  =  the  depth,  and  t  =  the  tbicknesB,  both  at  or  imr 

tbo  centre,  in  inches;  1=  tbo  length  between  tbe  centres  of 
&klu-ri>ds  in  iucbcs,  and  «■  =  stiaiu  on  tbe  piston-rod  in  lbs, 
Tulilo  116  gives  tbe  particulars  of  long  crons-beads  in  practiw: 
col.  '.*  bas  been  calculated  by  tbo  rule,  &c. 

"  Braiii-f/udyeone." — Tbo  main  gudgeon  in  the  centre  of  n 
Stea!n-<,ngine  Buam  is  in  cfl'ect  a  cylindrical  beam  sujiportfil 
at  each  end  by  tbo  bearings,  and  loaded  in  tlie  centre  by  tbe 
strain  due  to  tbe  prcssuro  on  the  iijston,  A'c.  The  diameter  nt 
tbe  centre  for  gudgeons  of  wrought  iron  will  bo  given  })y  thv 
Enijiirical  Rule  :— 

('Jj2.)  -}  =  fH-,  X  L  X  ~3. 

In  which  Hn  =  tbe  Nominal  Ilorsc-power  of  tlic  Eiigiin',  L  = 
length,  or  distance  between  centres  of  ijcarings  in  inches,  an<\ 
d  =  the  diameter  of  the  gudgeon  at  the  centre,  in  inches.  Col.  >• 
of  Table  147  has  been  calculated  by  this  rule,  and  agrees  well 
with  tbe  actual  sizes  in  practice  given  by  col.  7. 

"  Sicam-engim  Enlablafures." —  Fig.  41  tiboH-s  a.  comuwii 
arrangement  of  Beam-eugiuos,  in  which  an  Entiiblatuie  A  is 
built  into  side-walls,  and  supported  by   two   columuK.     Tiit 
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m 
mi 


h 


i   i   i   3   3    i 

s  '  '  '  ^  3 

5  s 


s   s   s   ^ 

H     g     S     2 


^ 


£12 

dcptli  of  tliG  Entablature  will  bo  given  by  the  Empirical 
Rule  :— 

(953.)  D  =  VlHs  X  2. 

In  which  Hn  =  'lio  Nominal  Horse-power  of  the  Engine,  and 
D  =  the  depth  of  the  Entablature  in  inches :  thus  for  40-Horse 
wohfivB  ^/lO  =  6-3;  henco  D  =  6-3x2=  12-6  inches,  &c.; 
col.  2  of  Table  43  has  been  calculated  by  this  role. 


»^"i^^ 

M^ 

DiMmnci. 

p™-  l-^"* 

BjKnlcj  Aeliul. 

^..^ 

cill»l«rE.wI».. 

!M   X    69  - 

=  6900 

X  -3 

=  20704/ 

=  12!  1  m 

E««^n«,.,lA.o.. 

it. 

1^ 

^ 

.■m 

=    3ii0  X 

=  4320  X 
=  !!4;i0  X 
=  31 2U  X 

3 

■;i 

3 

= 

IMi;/  = 

so 

7( 
li." 

; 

4S 

3 
3 
3 

z 

0211^'  = 

«3[;i/  = 

101 

"  iSteaia-engiue  Beams." — Tiio  beam  of  n  Stcnm-ciigino  if 
Bubjectcd  to  a  traiiETcrec  etrain,  and  the  strength  might  pes- 
eibly  \>e  calculated  by  the  onliimry  Itulcs,  but  in  most  cases  the 
proportions  may  bo  dctorniinid  more  easily  and  salisfactorily 
by  Eiupiricnl  lliilcs.    Tlic  ratio  of  the  depth  at  tlio  centre  to  tbo 
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length  is,  to  some  extent,  arbitrary  ;  but  a  good  proportion  will 
be  given  by  the  Bole 


(954.) 


d  =  lx  -16. 


In  which  I  =  the  length  of  the  beam  between  centres  in 
inches  and  d  =  the  depth  at  the  centre  in  inches ;  thus,  in  the 
42-Horse  Engine  in  Table  148,  I  =  15  feet,  or  180  inches: 
hence  (2  =  1 80  X  *15  =  27  inches,  as  in  col.  5,  which  happens 
to  be  precisely  the  depth  in  practice,  as  given  in  col.  8. 


Table  148, — Of  the  Proportionb  of  Cast-iron  Beams  to  Steam- 
engines.    Gases  in  Practice. 


Nominal- 

Length. 

Depth  at  the  Centre  in 
Inches. 

Thickness  of  the 
Web,  in  inches. 

Breadth 

of 
Flanges. 

Stroke. 

power. 

Actval. 

BjRale 
(956). 

B  J  Rule 
(954). 

ActoaL 

BjRule 
(966). 

100 
60 
42 

30 
22 
12 

(1) 

ft.     in. 
25     0 
18     3 
15     0 

13     6 

12     6 

9    0 

(2) 

45 
33 

27 

23 
21 
16^ 

(3) 

44-85 
32-25 
29-18 

24-87 

19-9 

16-11 

(0 

45 

32-85 

27 

24-3 
22-5 
16-2 

(5) 

1^ 

If 

1 

(«) 

♦ 

2-11 
1-90 
1-75 

1-60 
1-34 
0-95 

0) 

inches. 

•  • 

4i 

4i 

4* 
8i 

(8) 

ft.    in. 
8     0 
6     0 
5     0 

4     6 
4    3 
2  10 

(») 

Having  found  the  depth,  the  thickness  may  be  determined 
by  the  Bole 

In  which  Hn  =  the  Nominal  or  Bepnted  power  of  the  Engine, 

L  =  Length  of  the  beam  in  feet,  d  =  depth  at  the  centre  in 

inches,  and  t  =  the  thickness  of  the  main  central  web  in 

inches.     Thus,  with  the  100-Horse  beam,  in  which  L  =  25, 

,        .-           ,         ^       100  X  25  X  5  ,      . 

d  =  45,  we  have  i  =  — ,7=- -—  =  2-11  mches,  as  in 

V  5aO    X  45 

col.  7,  agreeing  with  the  actual  thickness,  which  was  2J  inches 
by  col.  6. 

2  L 


514  GTBBNOTH   OP  GTEAU-B.VGIKE   BCAIHB. 

When  the  tliicknoBB  ia  given,  the  doptb  may  be  fonaJ  bj 
tbe  Bule :— 

TUhb,  with  the  60-Horse  Beam.  L  being  18J  feot  and  (  =  2 

incliee,  wo  obtain  (i  =  */!  --,,-=—-. -  I  =  32-25  inciiee, 

as  in  col.  4 ;  the  actual  depth  was  33  inchoe  by  col.  3. 

These  Rules  aeeumo  that  tho  length  of  tbe  beam  is  simply 
proporticiniil  to  the  atroko  of  the  piston,  and  that  tho  speed  of 
piston  is  directly  proportional  to  ^  of  the  stroke  (therefore  of 
the  length  of  Beam).  The  Btmiu  with  a  given  Horee-power 
will,  therefore,  be  inversely  proportional  to  ^^  of  the  length  of 
the  beam,  and  is  taken  to  bo  so  in  tho  Rule  (950).  Thus,  if 
the  stroke  of  the  piston  is  in  the  ratio  I,  2,  S,  the  length  of  the 
'  beam  will  be  in  the  ratio  1,  3,  3,  the  velocity  of  piston  in 
the  ratio  If  1  =  1-0;  ^  2  =  1-2G;  an^  ^  3  =  1-44:  the 
Mniin  pur  IIoi'sc-]iowcr  huing  inversely  jiroportiunal  to  the 
velocity  of  thu  piston,  bocomis  1  -^  1  =  1-0  ;  1  -^  1-26  = 
■K;  and  1  -^  1-44  ^  -1  rcspectivav. 

(!'.-,-.)  "  raTi.<h]rni-s»  of  aiaf-rluh."  —  Exprriim  iits  hiivu 
sLdwn  tliat  there  ia  great  variiibk'iiess  in  tliu  stri.ii[;lli  of  all 
iiiatei'ialH,  even  when  apparently  of  the  same  kiiiil  ftiiil  ijualily. 
The  iwan  strength,  as  fuund  by  numerous  cxpfriiiu'Uls,  is 
usually  taken  as  a  Slaudarii  for  calt-ulatiiiu,  aud  it  bcei)nits  a 
niattiT  of  considerable  practical  importance  that  tlie  Engineer 
shoiihl  kuoH'  within  uhnt  limits  the  strcugtli  may  ]>r<>l>itbly  vary, 
anil  particularly  that  the  probublo  minimutn  should  be  knowu. 
TuIjIo  Mil  gives  a  collected  statcuieut  of  the  variableness  of 
many  materials  under  the  tliree  great  strains,  namely,  the 
Tiiiiisvcrsf,  Tensile,  and  CrusliiiLg  stroins,  reduced  to  per- 
Ci^utageN  for  convenience  of  reference.  For  example,  tho  Trans- 
verse strength  of  cast-iron  bars  1  inch  si^uarc  (I'.'51)  may  \xj 
27  per  cent,  above  the  average,  or  100  —  79  =  21  per  ceiil. 
below  it  fivim  221  experiments.  Col.  4  gives  the  ritii-jc  of  pro- 
bable variatioiiK,  and  shoivs  that  there  are  great  dilltrenee-:. 
Lureli  biiLig  vui-y  vaiial.le,  and  C^niidiau  oak  very  C^iuaUe,  Ae, 
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Table  149.— Of  tha  Vabiablbubbb  in  the  Strenoth  of  Materials 
io  reBisting  different  Stbauis. 


i'^ 


BUloa  of  Tmiuvtne  StmigUi. 


CMtlroD 

„       Stirling's  tongh«iied 

Slate,  split         

Brick 


CedM  .. 

CbMtDUt 

Deal     .. 


Fir,  Riga 

Hahwan;,  HondiUBi,  £s. 

Oak,  English     

„    Dantzla      ..      ., 

„    Canadian 

„    African     

Piae,  Pitch 


m 

100 

79 

118 

100 

86 

IM 

129 

100 

121 

100 

75 

1-61 

12* 

100 

72 

187 

121 

100 

S9 

1-36 

119 

100 

7.1 

1-58 

133 

100 

SO- 

I'Oe 

125 

100 

80 

156 

110 

100 

132 

100 

82 

100 

71 

2-00 

100 

69 

100 

85 

189 

lOO 

72 

2-63 

147 

100 

63 

loe 

100 

»7 

109 

100 

90 

1S8 

100 

1S2 

100 

84 

1-57 

113 

100 

1S5 

100 

87 

1-78 

123 

100 

88 

1'40- 

RUiB  of  OdIi«It«  StnneUL 


Cast  iion 

„        Stirlin^H  tooshened 
Wrought  iron,  Boiled  &tr 

„           welded  joints  . 
Steel,  tilled  bar 


147 

100 

79 

1-84 

116 

100 

87 

100 

77 

100 

68 

100 

68 

227 

115 

100 

85 

100 

67 

119 

100 

114 

100 

no 

100 

82 

1-45 

U) 

w 

O) 

(*) 

T&RIABLENESB  LV  TEE  BTRENOTH  OF   MATI&IALB. 


I 


IflR 

100 

fil 

2B7 

no 

100 

RH 

1-34 

14!) 

100 

5H 

a  56 

)80 

100 

50 

3-61 

111 

100 

1  23 

m 

100 

80 

1-58 

136 

100 

1-73 

116 

100 

81 

1-43 

105 

100 

93 

M! 

136 

100 

inn 
mil 

)<.ii 

61 

a-ut 

I -71 

CMtlrao 

„       Btitliog's  tooghoiied 

Jted  Saiidatanu 

Slate,  Talcnoia 

CraRlcith 

York  Puring      

Marble        .. 

Teak 

Willow        


('I5f^  )  "  A'ir,em-»l of  Rahs irSlh  E^p,ni,ir„l ''-  Tlicie  nrc  vcrv 
gnat  dillii-iiUiis  m  prtpiimg  n  PnictKal  Vi-nl.  nu  tlio  Stn-n^-tl 
of  Materials,  as  cunijiarcd,  or  ratlLcr  ciJiilni-ti.il  willi  a  punU 
Thiuietuil  imo.  lbi,ori',ls  fill,™  fiincluiKiilii!  Liv,b,  wliuli 
irt  as  tistd  auJ  iiiflcxihlo  as  tliL  luwa  of  paMtrttiuii  and  llic 
acdiracy  of  thoir  tiuicIii'MtoTiB  ciiu  \n.  tuQtlKmitiiiilly  ilcnioii 
Rtratcil  ]liit  uljui  cirafi,.iiti.il  «itli  thr  ri. Mills  of  c\iiirimuit 
iimiiy  of  tbLSi.  torrcLt  liwB  an  finiiiil  to  K  ul  ti)  miuifi,-tlj 
crroucHiiis  coiicluuons,  uiiil  bavi  to  1r  iilinqui-litil  iii  favour  nf 
Liuiurical  Eulcs  foi  mIulIi  iiotliiiip'  cm  bt,  huid  L\(.Lpt  that 
tlioy  nru  ti  rrwt  aB  [lurtiil  bj  L\in.nuic.iit 

(•}5  > )  Many  of  Ihc  IJuks  m  tLih  Moik  ftiG  of  i  iiioro  or  less 
Eiiipin<iil  charicter,  m  most  taits  tliu  ThcoHticiil  Imibwcn 
first  liUii  as  a  baeia,  Lilt  limJ  to  liu  labciioiislv  ni.^lititil 
tontati^cljjbj  tlii.  tcacliings  of  tiponiuco     In  ilmoit  all  cin.* 
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their  correctness  is  shown  at  every  point  by  comparison  with 
experiment.  It  will  be  interosting,  however,  to  collect  a  few  of 
the  most  important  of  these  in  the  form  of  a  table,  which  is 
done  in  Table  150. 

In  some  cases  the  agreement  of  the  Bulee  with  Eliperiment  is 
remarkable,  partaking  cvidontly  more  or  less  of  an  accidental 
character:  some  of  these  are  given  in  paragraphs  21,  139,  37&, 
686,  777,  878,  &c. 

(960.)  "  Eeai  and  Aj^rent  Factor  of  Safely." — Essentially, 
the  "  Factor  of  Safety "  is,  or  should  bo,  the  Ratio  of  the 
Breaking  weight  to  the  Safe  Load,  the  latter  being  1  -0,  and  its 
Kpociftl  object  is  to  give  a  niargLn  of  strength  to  cover  nnknown 
and  nnespocted  contingencies.  Bnt  this  simple  }>urpoBe  becomes 
complicated  by  the  fact  that  the  breaking  weight  varies  with 
the  character  of  the  strain :  thos  for  a  Cast-iron  beam,  it  is 
shown  by  Table  111,  that  the  breaking  weight  for  constant  dead 
toftd  being  1  '0,  it  is  ndooed  to  ^  for  an  Intermittent  dead  IomI.  ' 
or  one  ncting  in  one  direction  only,  or  off-and-on  continnonsly 
witlKUit  hlinik  ;  mid  to  ,1  for  a  siiiiiltir  Alhrmilinff  kMid,  or  ouc 
acting  in  Imth  ilii'cctioiis,  iip-aud-doivn  coutinnunsly.  Say  tliat 
the  constant  dead  load  =  IS  tons  Breaking  wfij^ht;  thcu  tbe 
Intermittt'Ut  Breaking  weight  becimiea  18  x  A  =  6  tons,  ami 
the  Altornatiug  Breaking  weight,  18  X  ,';  =  3  tons. 

Now,  if  \vu  take  3  for  the  Factor  of  Safety,  and  apply  it  to 
these  three  loads,  wu  obtiiiii  (i.  '2,  nnil  1  Um  respectively,  as  the 
Wiife  loads,  which  are  eqiml  to  .',,  ),,  and  ,';.  of  the  emistaul 
deatl  load,  the  Apjintriil  I'netor  of  Safety  licooniiiig  3,  0,  and  18 
t'ur  the  thi'oc  cases,  while  the  real  Fiietor  is  tho  same  in  all, 
namely  3, 

Illustrations  of  the  application  of  these  princijiles  to  cases  in 
practice  are  given  in  (923),  Ac. :  thus  with  Wroiight-iron  beams, 
tbe  Di/iiamir  rolling  loail  is  I,  of  the  equivalent  dead  constant 
load,  and  with  Factor  3  becomes  ;;  -i-  3  x  it'i  "f  *'»«*■  dead  load. 
Similarly,  with  Cast  Irt)n,  the  Dynitmic  rolling  load  is  ^th  of 
the  equivalent  dead  constant  load,  and  with  the  same  Factor,  3, 
becomes  J  -^  3  =  i',th  of  that  dead  load  :  the  apparent  Factor 
=  18,  although  the  real  Factor  is  3,  as  before.  Again,  with 
Timber,  the  Dynamic  rolling  load  =  i,  whieh  with  Factor  5 
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becomes  j^  -7-  5  =  ^th  of  the  dead  constant  Breaking  weight, 
the  apparent  Factor  being  20,  while  the  real  Factor  is  5  only,  <&c. 

In  many  cases  it  is  conyenient  to  use  the  apparent  rather 
than  the  real  Factor  of  Safety,  and  this  course  has  been 
adopted  frequently  throughout  this  work:  thus  for  Bailway 
Bridges,  the  Factor  used  by  most  Engineers  is  6,  which  is  in 
fact  the  apparent  Factor:  being  an  intermittent  strain  with 
wrought  iron,  the  Beal  Factor  is  6  X  f  =  4.  Thus,  say  we 
have  a  Bridge  whose  calculated  breaking  weight  =  600  tons, 
then  with  Factor  4,  we  obtain  600  4-  4  =  150  tons  dead  Safe 
load,  or  150  X  §  =  100  tons  intermittent  Safe  load:  evidently  we 
should  have  obtained  the  same  result  more  easily  by  using  the 
apparent  Factor  6,  which  gives  600  -4-  6  =  100  tons,  as  before. 

(961.)  ''Strength  of  Flat  Cover  to  Boilerr—k  circular  Boiler 
in  America,  48  inqhes  diameter,  was  provided  with  a  plain,  flat 
cover  of  cast  iron  1|  inch  tiiick,  and  was  subjected  to  a  steam 
pressure  of  160  to  170  lbs.  per  square  inch,  which  it  bore  for 
about  6  months  and  then  burst: — breaking  at  the  edge  all 
rouud.  By  Eule  (867)  we  obtain  !>  =  1|^  X  148390  -7-  48^  or 
3*5156  X  148390  -r-  2304  =  227  lbs.  per  square  inch:  but 
applying  the  correction  for  thickness  of  metal  as  given  in  (934) 
and  taking  the  value  of  z  for  say  2  inches  thick  at  '74,  we 
obtain  227  x  *74  =  168  lbs.  bursting  pressure  per  square 
inch,  or  practically  the  pressure  with  which  the  cover  actually 
burst,  so  that  it  is  surprising  that  it  did  not  fail  before. 

(962.)  "  Law  Besilience  of  Slate,  dc.^ — Slate  and  York  paving 
are  frequently  used  for  flooring  in  cases  where  they  are  sup- 
ported at  the  ends  only  and  act  as  beams :  as  there  will  always 
be  a  probability  of  a  blow  from  the  load  falling  on  the  floor,  and 
those  materials  are  excessively  weak  in  resisting  Impact,  that 
fact  should  be  borne  in  mind  and  extra  strength  provided  to 
guard  against  failure.  Table  67  shows  by  coL  6,  that  a  Cast- 
iron  plate  of  a  given  thickness,  &c.,  will  bear  a  safe  falling  load 
6  •  78  -r  '  2  =  34  times  the  safe  fedling  load  for  a  similar  plate 
of  Slate;  and  6*78  4-  -06  =  113  times! !  the  safe  falling  load 
for  York  paving. 

(963.)  «  Graphic  Batios  of  Strength,  rfc."— Figures  give,  of 
course,  very  precise  information  as  to  the  Specific  Strengths  of 
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Hfttonnls,  bat  fail  to  give  a  clear  idea  of  their  comparative 
Ratios,  Plate  27  gives  a  graphic  represeulation  of  the  Strength 
Mid  Bluiticity  under  varioua  stniins,  which,  appealing  to  tho 
670,  nill  convey  a,  more  definit«  imprcRHion. 

(964.)  "  Weight  0/ MateTial»."~Ffa  conveaience  of  reference, 
and  in  order  to  make  thiB  work  as  complete  and  Bclf-contaioed 
ae  possible,  the  Weight  of  manj  Materials  used  in  the  Arte 
is  given  by  Toblo  151,  which  has  been  taken  from  the  Author's 
'  Treatieo  on  Heat.' 

Table  161, — Of  the  Spkcifio  Gbavitt  and  Wkiobt  of  Matbhui^ 
WaleratGir' being  1-000, 


TXeteun     ..     ., 
Uad    ..     ..     .. 

Coppar,  ib«t    .. 

Onn-mntFil,  cnat 


847-3 
707-5 
M7-6 

MO '3 


■31S8 

■3127 


8CH 
3166 

fH5 


MiLliiUiiti}',  Ilmuliimii^  9c 

I'iTlc,  Vi'llow,  gciisniicil 
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A  PRACTICAL  TREATISE  ON  THE 

STEENGTH  OF  MATEEIALS, 

ncLUDnro  thxib 

ELASTICITY 

▲KD  jausunutctt  to 

IMPACT. 

Bt    THOMAS    BOX. 

This  work  contains  536  pp.,  upwards  of  150  Tables,  and  is  illustrated  by 
27  Lithographic  Plates.    In  crown  8vo,  cloth,  18«. 


By  the  same  Author. 

A  PRACTICAL  TREATISE  ON  HEAT, 

AS  APPLIED  TO  THE  USEFUL  ARTS. 

FOB  THE  t^E  OF 

ENGINEERS,    ARCHITECTS,    Etc. 

FOURTH  EDITION. 

Containing  900  pp.,  120  Tables,  and  14  Lithographic  Plates. 

In  crown  Sto,  cloth,  12».  Qd. 

By  the  Bome  ArUhor, 

A  PRACTICAL  TREATISE  ON  MILL-GEARING, 

WHEELS,  SHAFTS,  EIGOERS,  Etc. 

FOB  TKE  USE  OF 

EISTGINEERS. 

THIRD  EDITION. 

Containing  36  Tables  and  11  Lithographic  Plates.    In  crown  8to,  doth,  7s.  6d. 

By  the  tame  Author, 

PEACTICAL  HYDEAULICS. 

A  SERIES  OF  RULES  AND  TABLES 

FOB  THE  XJBB  OF 

ENGINEERS,  Etc. 

FOURTH  EDITION. 

m 

Containing  30  Tables  and  8  Lithographic  Plates.    In  crown  8to,  cloth,  5s. 


E.  A  F.  N.  SPON,  16.  CHARING  CBOSS,  LONDON,  S,W, 


A  PRACTICAL  TREATISE  ON  THE 

STKENGTH  OF  MATEKIALS: 


nfOLUDmO  THEIB 


ELASTICITY 


AND  BE9I8TAN0B  TO 


IMPACT. 

By  THOMAS    BOX. 

This  Work  contaitu  bd6pp.,  upwards  of  150  Tables,  arid  is  tUusirated 
by  27  Lithographic  Plates.    In  Crown  8vo,  doth^  18«. 


By  the  tame  Author , 

A  PRACTICAL  TREATISE  ON  HEAT, 

AS  APPLIED  TO  THE   USEFUL  ARTS, 

FOR  THE  LSE  OF 

ENGINEERS,    ARCHITECTS,    Etc. 

Fourth  Edition. 

Containing  300  p;p.,  120  Tdklea^  and  14  Lithographic  Platet,    In  Crown  Bvo, 

doth,  12«.  Qd. 


'*  Some  books  it  is  difficult  to  oondemn  in  sufficiently  strong  tenns ;  some 
books  deserve  mingled  praise  and  blame ;  and  a  fbw  books  it  is  impossible 
to  read  without  pleasure,  or  to  praise  without  gratification.  In  the  latter 
class  we  place  Mr.  Box's  little  work.  It  is  essentially  sui  generis.  There 
is  nothing  like  it  in  the  English  language.  .  .  .  The  tables  alone  in 
this  work  are  invaluable.  They  supply  at  a  glance  information  which, 
without  their  aid,  can  only  be  obtained  by  reading  through  many  volumes, 
picking  out  a  bit  here  and  a  bit  there,  and  then  making  intricate  calculations. 
We  have  already  favourably  noticed  our  author's  treatise  on  *  Hydraulics,' 
and  the  system  pursued  in  the  preparation  of  that  work  is  here  perfected. 
.    •    .    •    Engineers  will  find  the  chapters  on  combustion  and  steam- 
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notice  made  of  the  best  means  to  effect  the  adequate  ventilation  of  schools, 
churches,  and  hospitals.  There  are  abundance  of  practical  examples  ad- 
duced as  illustrations  of  the  rules  laid  down,  and  any  one  hy  due  attention 
and  study  can  thoroughly  master  them  all.  The  volume  is  printed  in 
capital  type,  and  its  whole  style  and  get-up  are  such  as  to  recommend  it 
to  the  amateur,  the  student,  and  the  professional  man." — Building  Neun. 

"  Mr.  Box  has  undoubtedly  succeeded  in  the  volume  on  our  table  in 
rendering  his  subject  as  attractive  as  possible.  .  .  .  The  calculations 
are  divested  of  all  mathematical  complexity,  and  the  process  of  arriving  at 
the  correct  results  made  manifest  in  plain  figures.  This  mode  of  treating 
the  various  mechanical  and  physical  investigations  in  connection  with  the 
effects  of  heat  will  be  exceedingly  valuable  to  the  artisan  and  mechanic 
who  may  not  be  well  acquainted  with  the  rules  of  algebra  or  versed  in  the 
intricate  manipulation  of  the  higher  mathematics.  .  .  .  We  congratu- 
late both  the  author  and  publishers  upon  their  present  issue."— 'iftfc&nics' 
McLgazine, 


By  the  same  Author,. 

A  PKACTICAL  TEEATISE  ON  MILL-GEAEING, 

WHEELS,   SHAFTS,  BIGGEBS,  Etc., 


FOB 

THE  USE  OF  ENGINEERS. 


Third  Editum.     CofUaining  86  TciUea  and  11  lAthographie  Plates: 

In  Grown  Svo,  doth,  7«,  6(2. 


''  All  those  of  our  readers  who  are  possessed  of  Mr.  Box's  *  Practical 
Hydraulics'  and  *  Treatise  on  Heat'  (and  no  engineer  should  be  without 
those  handy  little  volumes)  will  gladly  note  the  publication  of  the  work 
before  us.  Mr.  Box's  books  are  wlmt  they  profess  to  be — practical  treatises, 
clearly  written,  and  free  fh)m  all  abstruse  mathematical  formulas.  .  .  . 
The  third  of  the  series  Tat  least  we  hope  that  there  is  to  be  a  series)  is  in  no 
way  inferior  to  those  which  have  preceded  it  It  contains  within  the  space 
of  some  eighty  odd  octavo  pages,  five  chapters  treating  respectively  of  the 
standard  unit  of  power,  of  wheels,  of  shafts,  of  riggers,  and  of  Keys  for 
wheels  and  riggers ;  the  work  being  concluded  by  an  Appendix.  In  the 
chapter  on  wheels,  Mr.  Box  gives  rules  for  laying  out  and  calculating  the 
strength  of  teeth,  as  well  as  for  proportioning  the  wheels  themselves,  these 
rules  being  accompanied  by  numerous  tables,  which  materially  &cilitate 
calculation.  Similarly  the  chapter  on  shafts  comprises  rules  for  calculating 
the  transmitting  power  of  shafts  under  different  conditions,  together  with 
descriptions  of  various  methods  of  coupling,  useful  notes  on  plumber-blocks, 
bearings,  &c.,  and  a  section  devoted  to  the  consideration  oforankHshafts  for 
driving  pumps  and  other  worjc.  The  chapter  on  rigeers  or  pulleys  oontains 
a  clear  expliuiation  of  the  action  of  belts,  accompanied  by  some  useful  tables ; 


and  also  roles  for  Ilia  propcrtiooB  of  riggers  of  TarionB  kinds;  vhile  tiiefifOi 
oliaptur,  thoDgb  l^ef,  U  equally  good  in  its  way.  Fiaall;,  ttia  Appendil 
CuutKiiaa  noMl  on  the  coDlraclian  o(  wbueU  in  casling,  the  strength  of 
shftfU  and  gpsriog  for  Bcrew-propeltcn,  and  the  tbeoretioU  Btreaglli  of 
shafts.  We  hare  now  bri^fi;  iodJc«t«d  the  conUots  of  Ml.  Box's  UMful 
little  treatise,  and  we  ttOst  we  have  said  enough  to  show  that  it  fornjB  » 
valuiiWe  addition  to  the  practical  engineer's  librafy."— £nifi««n'nj, 

"  I'ractical  englneera  owe  a  debt  of  gmtididu  lo  Mr.  Box  lor  the  orepaja- 
lion  and  pulilicatioB  of  throe  valuable  little  Irealiaes:  one  on  Hylraulics, 
another  on  Heat,  and  now  another  on  Miil-^eariog.  These  are  all  admirable 
in  their  way.  Mr.  Box's  work  ia  essentially  practical,  and  requires  little 
or  no  knowledge  of  mathpmaticB  to  enable  it  to  he  mastered.  .  .  .  Ths 
work  is  admirably  illoalmt«d,  bcautilully  printed,  anil  written  in  a  clear,  ocnt- 
oiso,  and  precise  elyle,  which  reflects  mooh  credit  on  its  author." — Eitgiiu^- 


By  the  ume  Author, 

PEACTICAIi   HYDEAULICS: 

A  8EBIEa  OF  BULKS  AND  TABLES 


I 


ENGINEERS,   Etc. 


Fourth  E.UIwn,  < 


nlaining  30  Tables  and  8  Lithotp-apJiic  Plat'^. 
In  Crovm  Svo,  doth,  5«. 


"  We  liave  not  often  met  wilb  a  more  ndmirtibic  Uftle  book  than  this. 
Small  ciiouuh  to  be  ciirritd  in  tlie  pocket,  it  yet  eontaius  a  ^rent  mass  cf 
infiirnialion  arraii;;!!!  in  stich  a  form  that  the  reader  can  find  at  a  moment's 
notice  what  lie  wants.  It  ia  not  an  exbaosiivc  treatise  on  hydraulirii,  but 
siujily  a  serica  of  rules  and  tsblvs,  accon)]xinied  with  such  e.'cphtnatious 
as  serve  to  make  them  perfectly  clear.  I'o  solve  questions  in  hyilraulics 
accordiiig  to  the  methods  ordinarily  given,  requires  a  very  thorough 
acquaintance  with  mathemotica.  Mr.  Bos,  liowever,  by  the  aid  of  tables, 
lins  succeeded  in  simi'lifying  formoUe  to  sucli  an  extent  that  a  vtry 
moderate  aecpiaiutuuce  with  algebra  will  enable  the  engineer  to  lolve  difticult 
questiouK,  if  not  with  the  greatest  precision,  at  least  with  a  sufliriint  n\> 
proximalioa  to  it,  to  answer  mo-st  ]iracticnl  iiurposes.  The  knik  will  supjilj 
a  want  long  fell.  .  .  .  It  is  well  jiut  up,  aud  fully  illustrated  by  some 
of  the  best  eusravings  ivo  have  seen  in  a  work  on  bydraubcs." — Eiiyiiiter. 
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A    Practical    Treatise   on   Heat,  as  applied  to   the 

Useful  Arts;  for  tlie  Use  of  Engineers,  Architoet*,  5:c.  By  TkouaS 
Box.     m/A  i^flala.     Third  edition,  cronn  Siu,  clolli,  lu.  id, 

A  '  Descriptive    Treatise  on  Mathematical  Drawing 
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crown  Svo,  cloth,  5/. 
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4r.  (ni,  ;  or  cloth,  red  cUges,  3/.  6</.    PuhlUhed  annually.    Tenth  edition. 
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cloth,  5j. 
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tind  Koofs,  iJy  AnorsT  Ktttkr,  Ph.D.,  Profess.  >r  at  the  Polytechnic 
Sch«)ol  at  Aix-la-Clia!»cIle.  Translated  from  the  third  German  edition, 
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re-written,  by  J(»fin  Thomas  Hurst.  Contained  in  517  pages  of  letter- 
pros'?,  and  illustriited  7«vM  efi  plates  and  150  tvocd  tn.;raz':n^s.  Third 
edition,  crown  Svo,  chnh,  xSj. 
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S.mitary  an<1  Firc-Rc-iNiing  Arrangements.     By  B.  II.  TiiWMTK,  . 
Mom.  Inst.  t'.K.     //'.//;  1S3  iK'twd  en ;ra-'in-s,  cruwn  Svo,  cloth,  tjs. 

Cold:  Its  Occurrence  and  Extraction,  cmibracinjj  the 

(}cogra]>hi(:al  and  Ci. u'trjical  Distribution  and  the  Mineralogical  Charav- 
tiTN  tti  (iold-bearinji  r.icks;  the  peculiar  features  and  motUs  of  working 
Shallow  Placer-.,  Rivt-rs,  and  bce]>  Lea'ls ;  Ilydraidicing ;  the  Reduction 
.iinl  .Separation  of  Ainik-Toiis  <Juart/  ;  the  treatment  cf  complex  Auriferous 
'.ros  Containing  other  iii'.'lr.N  ;  a  iUI»liography  of  the  ubjeci  and  a  Glossary 
■.'  Technical  .iml  Foni^jn  Terms.  By  Ai  FRED  G.  l.n»'K,  F.R.G.S.  H'itli 
numerous   ilUistratiotis  r.nd  maps^    1250  ]>p.,    super-royal    Svo,    clotli, 
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Progrtssive  LesiCiis  in-Applied  Scienu.     By  Edwakd 

1%it  t.  (Inmcr^  on  r^B^-rm  •.    S^iiditr.  Wricbi,  ind  n«MBM-4>>irt  >  THfOK- 

I^  Practical  Treatise  on  Coal  Mining.    By  George 

G,  AndrC.  F.G.S.,  Aj»oc.tii'>i,C.E.,M«mt.!-tori>ieSi)cIclyi>f  Eo^aceo, 
IP&A  Si  lilhop-.jp'ik  fSdtl.    a  vul-i.,  royal  410.  elulh,  3^  IW, 

Snmr  Growing  and  Refining:    a   Comprehensive 

TrcAtis«  on  l)ic  CiiUnrc  of  $ii|!iu<7t(diUnj;  PlAnti.  and  th«  UumfsctsR^ 
KeTinlne.  lui'l  An^tlyvU  of  Coite,  Sent,  Mnpir,  Mtlk,  Palm,  SoivhsB, 
gjiil  Siiuch  SuB«n.  witli  d-uious  «Wti«tics  o(  ihdr  proiliwliun  andow- 
■iKtee,  uul  u  uhaptaE  on  the  ilbtlllation  oT  Run.  Bf  CHAKtM-  Gk 
WARNTOKti  l/MiK.,  F.I.S..  &c.  uid G.  W.  Wiann aoti K.  R. IlAU^tti 
FF.CS.,  FF.I.C.     (Wi  aoj  lilui/mtitHi.  Svo.  cloth.  30f.  ^^- 
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in  the  Superintendence  of  Building  Operations.  By  G.  G.  lloSKiNb, 
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P.  L.  SiMMONDS.  Second  edition,  revised  and  improved,  515  pages, 
8vo,  cloth,  i/.  I  J. 

Steel:  its   History^   Manufacture,   and   Uses.      By 

J.  S.  Jeans,  Secretary  of  the  Iron  and  Steel  In-^titute.  860  pages  and 
2.^  plates^  8vo,  cloth,  36.f. 

American   Foundry  Practice:    Treating  of  Loam, 

Dry  Sanil,  and  Green  Sand  Moulding,  and  containiiiL^  a  Practical  Treatise 
upon  the  Management  of  Cupolas,  and  the  Meltinj;  of  Iron.  By  T.  D. 
Wfst,  Practical  Iron  Moulder  and  Foundry  Foreman.  Second  edition. 
With  numiro:is  ii/usl rations,  crown  8vo,  cloth,  la*.  OJ. 

The  Maintenance  of  Macadamised  Roads.     By  T. 

Coi)RiXGT»)N.  M.I.C.K,  F.G.S.,  ( ieneral  Superintendent  of  County  Roatls 
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VHlh  iUiittraliaiu  and  labia,  roj-al  8vo,  tloth,  I2J.  W. 

I'kincii-ai.  Costksts  ( 

Par  I.  tntniiliiedun  nml  the  I>r1ncijil»  ti  GisiiiKtiT-  I'ait  >.  Land  Sntreyin;  r  com- 
nrisiiLC  GeitL-rul  1  JlncrvAtian'i— The  Chjin  Ulf*BH  Survcrin^  by  the  Chun  un[y — Survej-ing 
llUly  Rr»iiul~Tu  S.ir™y  ;in  K.iaiu  or  l^Hah  br  the  Chaiu  unly— Suiwyiiig  wiih  ilia 
l-hMdulile-MioliK  nml  Town  Sumyinc— RaiEnud  3itrTeiriii(— Mapping— Divi..i(ni  uiil 
L^iylnCOUIoTLiuid^-Ulr^rvstiniKaa  Kiiclu'Btv%— PIunTriipHHiniMr)'.  Put].  LevdKnK— 
Simplt  and  CvmpuuiMl  LcvdIiBE— TIm  Lb«I  llgok— PHlH»en(«r  Fbn  and  S«tiaii— 
I-cvcUIim  with  ■  TlisndidiM— UndiEnl^-Wuoden  Cunw>— Tu  Lay  uol  i  Kjilmr  Cunc— 
SMlki  uol  U'idlhi.  I'ut  4.  Cdloilniini  Quantilin  svocr^iDj-  fur  Kilini,ite<-^ittInEt  and 
Kmbaiikmenoi— Tnnnel*— IJriefcwmk— Ironuuik— Timhw  Msimrini^  I'mi  1.  Iii-ieription 
iadUKa('Iulnini9iltiiBSamyin;;sndl'lu(tiiK:— IlieliniiruvHl  IlunpyLc'ef— Tiui!^tan'i 
'  — •     •— --  "J --■-  -■— — Pnpgrtioml  Cvninu— Ihu  Sniant-'VEniiec— Ftuu- 


Sir^hi  Edm  aiid  Sietur. 


— Tibi..  fgr  Karthwwk. 


Saws:   the  History,  Development,  Action,  Classifica- 

liirn,  and  Com/iarison  irf  Si.-i-t  ef  all  khuU.  By  RouERT  Gktmsiiaw, 
iViVi  a»  i/Iiitlraliimi,  410,  cloth,  I2j.  60". 

A  SuJ>planciit  to  the  above ;   containing  additional 

practical  niilltr,  mon;  especially  rclattn;;  tn  the  foims  of  Saw  Ttcth  for 
special  niatcrial  ami  conilition^  and  to  the  behaviour  of  Saws  under 
I latticular  conditions.     lI'ilA  110  i/liis/rcti.-nt,  cluth,  r).r. 

A  Guide /or  the  Electric  Testing  of  Telegraph  Cables. 

I!y  Capt.  V.  HosKKliK,  Koyal  Dauisli  Ennineuis,  //7/«  illiislralieni, 
:iGCOiid  edition,  crown  tivu,  clulh,  41.  dd. 

Laying  and  Repairing  Electric  Telegraph  Cables.    By 

CapL  V,  IlosKi'KK,  Uufil  Danish  Hii^jiiicer^.  Crown  Svo,  cloth, 
3..6rf. 

A  Pockct-Book  of  Practical  Rules  for  the  Proportions 

efMedcrn  r.ii-hi.s  ,i:t.l  BoiUrs  fyr  /.,iiid  i,',d  M,iri«f/arJ^s,-t.  liyX.  1*. 
Iii:KGll.    bcvviith  cilition,  royal  321111',  man,  4/.  &>'. 

Table  of  f^ogarithms  of  the  Natural  Numbers,  from 

I  to  loS.oon.     fJy  Cii.\uLi-s  1!.\iik.m;k,  Mirj.,  M.A.    i-ltruoIy[ii;d  edition, 
njynl  Svo,  cli.lli,  V-  ^l- 
TuanMmt1i-;c<iic«lB«<iif  ihaicTaLlc'i'jf  L<.aaTilhinsthayirsncaBipir«IwiihCa]letl'. , 
Va^'>,  Huttiiir>,  llniE'-'i  (bHincr'-,  iiDd1*a)l.ri>T,ilili:iuf  Liipiriliuur,  ami  c-iRfUlly  r 

-.texuiypnl  thZU«  VCR  hong 
Itf  an^roiw  wtu>  cuuld  l^nd  sin 


runhcr,  lb  Rmiwe  aay  jmUihilhy  uf  an  tnuc  Kiii.iiBilI|r.  the 
■pin  dm  IIjII  al  Laihtnlrie  L*iiinr>ity,  iwl  a  lex  anl  aRoid 
nuccirjcy.    So  CufncI  are  th>- .:  iMc^  dial  lince  ibcil  fini 


CAIVUJOCVE  OF  SCtENTKriC  HOOKS 


The  SUam  St^ine  tatuidend  as  a  ftt 

TcrMlK  M  ib>  "reiwrr  (f  Ac  Steam  Eapnc;  'l^nu 


Eampi^  nnn  racnce.    Br  Jas.  H.  < 
:*OTa[AppBal   MrAinJei  to  ihc  Km 


1.  \H. 

Th  Pra^ut  of  Hand  Turmt^m  Wixki,  Ivory,  Skdl, 

rw..  wUfa  InMraeiinni  for  TmiH- nch  Wnric  in  Mdal  u  luqr  be  tcmtfiB 
..     n_._^_.  ..  •,__:__  L-  '"-^i   i,or|,,  tj^^  il»<iM  Avpcadot  «• 
nr  b«fWea».    By  ITkAKCis.  CAMHiL 

C0»IT«NT9t 


St^uqJ  nlitfcm, 


«  I  iihut-TM-it  1 


W€altk  and  Comfort  in.  IT 


^L  Ktp«d»enu.     Uj  J.  UftTsu^ii 


'  ■  nfilor- 


■its*  OK  IVatektporb.  Past  and  PrtsetU,    B$iIk 


PUBLISHED  BY  E.  &  r.  N.  SPON. 


JUST  PUBLISHED. 


s  dadi,  pria  ijj.  6d, 


A    SUPPLEMENT 


SPONS'  DICTIONARY  OF  ENGINEERING, 

(Cibil,  ^Vtub^ninl,  0ililnin,  untr  jpiabal. 

Edited  »v  EKNEST  SPON,  Mkmh.  Soc.  Ksciskeiis. 
Tub  success  vhicli  biu  atleniled  the  publicsiion  of  *  Si'ons'  UicriONARr  or 
Knuinkf.ring  '  has  encouraged  Ihe  rublishcTx  to  use  eri-iy  eflbrt  tending  ti> 
keep  the  work  up  to  the  Kloiidanl  of  eiiiiiliag  prures^unnl  kniiwlcdsc.  As  ibv 
liook  has  now  been  :iomu  years  \ii:ti>tii  ihc  public  without  addiliuo  or  rcvijuai, 
there  ace  many  subjects  of  importance  which,  of  necessity,  arc  either  Dot 
inulnded  in  itn  pofjes  or  have  been  treated  somewhat  leu  fully  than  their 
ptesent  iniponaiicc  demands.  With  the  objucl,  lhcn.-f<ire,  of  rcmcdyii^r  iheie 
omissions,  this  Supplement  is  now  being'  issued,  Kach  !iut>jcct  in  it  is  treated 
in  a  thoroughly  cuntprelieiisive  way  ;  but,  of  cimrse,  wtthuut  regwating  the 
information  already  included  in  the  body  of  the  work. 
The  new  matter 


Aliacus,  Counters,  Speed 
Indicators,  and  Slide 
Kale. 

Agricultunl  Implements 
and  Machinery. 

Air  Comptcssora. 

Animal  Charcoal  Ma- 
chinery. 

Antiniuiiy. 

Axles  and  AxIo-Ihiics. 

llani  Machinery'. 

Jlclti  and  Beltini;. 

llloatitt),'.     JiuiUra. 

Brakes. 

Illicit  Macliinery. 

HridB«. 

Co^cs  fur  Mine*. 

Calculus,  iJinurential  and 
Inlcgnd. 

Canalk 

Carpentry. 

Cast  Iron. 

Cement,        Coiscrct.-, 
Limes,  and  Mortar. 

Chinmey  ShafL-w 

Coal      CIeaii>ing 
Washing. 


articles  ujion 
Coal  Mining. 
Cull  Cntling  Mnchincs, 
CoKe  Ovens.    Coj>j>er. 
UiH'ks.    Drainage. 
Ured^png  Machinery. 


IJi;litliouies,  liuoys,  and 

Iteacons. 
Machine  Tools. 
Materials   of    Construe- 

Dynamo"-  ICIcctric    and    Meler.-^ 

Mafincto-Klectrie  Ma-    Ores,     Machinery     and 


I  >rnamonielerM.  Hrcss. 

I'llectricol     Knjrineering, '  Piers. 

TclfBraphy,      Klccinc    Pile  IWving. 

Lighting  and  iti>  prac-    lincnraatiu    Transmis. 

licaldctails,1'eteph(mes  siun. 
Kii^inet,  Varieties  of.  I'uinpik 
lApio^ves.    P'.ins.  '  I'yroiiiulers. 

Fuuniling,  Mouhlin^  and  ,  koail  I.iiconinlivcs. 

the  practical  work  of    Kock  ]  >till'(. 

the  Koundiy.  Kolling  SKicb. 

Ci.Ts,  Manufacture  of.  .Sanitary  Kngineering. 

Hammers,     Steam    anil ,  Shaflini;. 

otliei  Power.  ;  Steel. 

IleaL     Hcirau  I'ower.       1  Slcam  Kawy, 
ilyilraalics.  I  Slune  MochinL'iy, 

I  I)-(lro-(;cnloj;y.  i  'i'raniways. 

Indicators.     Iron.  Well  buikingv 

and ,  Lifis,  Hoists,  oikI  Elcva- , 


NOW    COMPLETE. 


SPONS'  ENCYCLOPAEDIA 

INDUSTRIAL  ARTS,  MANUFACTURES,  AND  COMMERCIAL  ( 
PRODUCTS. 

^''    'EDitET^  BV  C  G.  WARNFORD  LOCK,  T-.LS. 
Among  tho  raork  impiirtnnt  of  tlie  iubj«cti  trenicd  of,  »rc  t' 


ibtkiWmg 
AcIiIk,  207  pp. 
Alcohol,  »3  r>ii,  lb  iigt. 


AUm.         Alum.  CmpWti .  .  , , 

AtpncU.        Aua^Ih);.     '  ifait,  y  pp. 
£tveE>g»,  B9p|>.39fig!i.  I  Hur  ManuAcrnre^ 


if!^]  Hon!.' 

pp.  14  fi?^- 


i  lllMi^iapli)-,    I J  pp-   20 

I  PiEmeiiti.  9  p|i.  ft  '"'^'^ 
P'lMerj".  -lopf-  57  "i,;^ 
1  I'rttiting  ttna  Engtoving, 
I      mp;}.  Sligs. 

\  Re&ioiB   Mid     Cammy 

'  Rope,  16  pp.  17  fi-i, 
-iSnlt,;- 


Coal-tar  Products,  44  pp. 

14  figs- 
Cocoa,  8  pp. 
Coffee,  32  pp.  13  figs. 
Cork,  8  pp.  17  figs. 
Cotton  Mnnulactures,  62 

pp.  57  figs. 
Drag*.  3S  pp- 
Djemg       and       CnHco 

Piinting,  z3  pp.  9  figs. 
Dyestufl!*.  l5  pp. 
Elcctro-Metalliirsy,      13 

pp. 
Eiplosives,  ai  pp.  33  figs. 
Feathers. 
Fibrous   Substances,   g2 

pp.  7?  figs. 
Floor-cloth,    16    pp,    Zt 

figs. 
Food  Preservatinn,  8  pp. 
Fniit,  8  pp. 


Silk,  S  pp. 
Siik  ManuracI 


liifei,Z3pp.  l/ligs. 
iDk.  17  pp. 

Julc    ManuHictures,     11 

pp,  1 1  figs. 
Knitted       Fabrics  — 

Hositiy,  15  pp.  13  figs. 
Lace.  13  pp.  9  nga. 
Leather,  z8  pp.  31  figs. 
Linen  Manufactures,   16 

pp.  6  figs, 
Maniires,  al  pp.  30  figs. 
Matches,  17  pp.  3S  figs. 
Mordants,  13  pp. 
Narcotics,  47  PP. 

liila  'and     Falty    Sub- 

slances,  125  pp.  i  Vinegar,  S  p 

Paint.  '  "' 

Taper,  i6  pp.  23  tigs. 
Paraffin,  8  pp.  Ofigi. 
Pearl  and  Coral,  S  pp 
Perfumes,  10  pp. 


■«.  9P1'. 


Spices,  16  pp. 
Sponge,  5  pp. 
Starch,  9  pp.  10  lly: 
SuL-or,     155     pp. 
figs. 

Tannin,  iS  pp. 
,  Tea,  12  pp. 
I  Timber,  13  pp. 


I  Wool,  : 


IS  lip. 


:,  S  PP- 


London:  E.  &  F.  N.  SPON,  16,  Charinff  Cross. 

New  York  :  44,  Htirray  StreeL 
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